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II. Executive summary 

Management Summary 

This report is an outline of the overall feasibility of a bioprocess plant producing about 51 

million lb. of 1,3-Propanediol (1,3-PDO) from glycerol, a byproduct of the biodiesel industry. 

The 1,3-PDO is produced by a fermentation process with Klebsiella pneumoniae, a bacterium 

strain capable of converting glycerol to 1,3-PDO with a high conversion rate. This process has 

already been spearheaded by DuPont Tate & Lyle. The collection of 1,3-PDO, byproducts, and 

waste products are then separated by a couple of flash tanks, a liquid-liquid separator, two more 

reactors for the liquid-liquid separator, and a fractionation train. This process has proven to be 

promising in the current phase of the design process, having an IRR of 47.78% and NPV10 of 

143.64 million dollars. 

This process was simulated utilizing Aspen Plus V8.4. The volumetric flowrate of feed was 

calculated to be about 358.5 million lb. of glycerol. The physical properties used for this 

simulation was Non-Random Two Liquid (NRTL) physical property method and NRTL with 

Hayden and O’Connell method (NRTL-HOC), with the exception of the refrigeration section, 

using the Redlich-Kwong equation of state with the Van Laar activity coefficient approach 

(VAN-RK). The utilities are expected to substantially decrease following a proper optimization 

of the process. 

This process will need a fixed capital investment of about 13 million dollars and a working 

capital of 10 million dollars, and total capital investment of about 23 million dollars. At a tax rate 

of 35%, the net present value at no interest rate is about 405 million dollars, and the net present 

value at 10% interest rate is about 144 million dollar. This process gives a great 47.78% for an 
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IRR, and a payback period of about a year. State incentives and federal incentives aside, this 

process is incredibly promising. 

This process is highly dependent on the price of 1,3-PDO. If the price drops to about $1.30/lb the 

IRR would drop to roughly 20% and would make this process less feasible. Any price below that 

would no longer be economically feasible in the current design. 

Location and Size 

Location 

The proposed location of the plant is highly dependent on several important factors. One such 

factor is access to the primary feed (glycerol). One readily available source of glycerol is as a 

byproduct of biodiesel plants, and for this reason, it follows that the proposed plant should be 

constructed near a biodiesel plant as can be seen in Figure 1.  

 

 

 

 

 

 

 

 

 

Figure 1:  Distribution of biodiesel plants in the United States [1]. 
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Biodiesel plants are prevalent in the Midwest of the United States, so the proposed plant should 

then also be located in the Midwest. Missouri was selected as an ideal location, as this state is 

home to several biodiesel plants and would provide a steady source of water, which will be 

necessary in order to maintain the reactors at their required concentration. Another factor worth 

noting is whether or not the plant should be constructed from scratch (grass roots) or as an add-

on to an existing plant. As mentioned above, the plant will already be drawing its primary feed 

from a biodiesel plant, so the next logical conclusion is to simplify the construct of the plant as 

an additional unit to a pre-existing biodiesel plant. This eliminates many of the cost associated 

with creating an infrastructure system, as much of the infrastructure will already be in place. This 

approach was considered for the first iteration of the design that was completed for the Fall 2015 

semester. After adjusting the design for the second iteration, it was concluded that the design as 

an additional unit to an existing biodiesel plant would not be possible, and that a grass roots 

design would have to be used. The plant would need to be located near several different biodiesel 

plants in order to accommodate the glycerol feed for the proposed plant. For this reason, the 

northwestern part of Missouri between St. Joseph and Kansas City was decided upon as the exact 

location of the proposed plant. This would give access to several major biodiesel plants, as seen 

in Table 1, as well as access to major highways and the Missouri River as a water source.  

Size 

This process was originally specified to produce 200 MMlb/yr of 1,3-PDO, as stated in the 

original problem statement, and the preliminary design of the process was created and sized 

according to this target. The first iteration of the design completed for the senior design 

symposium in the Fall 2015 semester was based on a production rate of 182.93 MMlb/yr of 1,3-

PDO. The discrepancy between the preliminary design target and the first iteration design came 
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because the process was created assuming operation at 8760 hr/yr, which would achieve 200 

MMlb/yr. This operation cannot be achieved in actuality, and an operation time of 8000 hr/yr is 

far more reasonable. Using this operation time, 182.93 MMlb/yr of 1,3-PDO could be produced. 

Upon the second iteration of this design process, completed during the Spring 2016 semester, 

this production rate, and imbedded glycerol consumption, was reevaluated and found to be 

infeasible. It is infeasible due to the shear consumption of glycerol that would be necessary to 

maintain this process. After further evaluation, a new basis for the sizing and design of the 

proposed plant was established at a feed of 100 MMlb/yr of glycerol.  

Glycerol Consumption Considerations 

The first iteration design is infeasible due to the enormous feed of glycerol that would be 

necessary to maintain it. In order to produce 200 MMlb/yr of 1,3-PDO, it was found during the 

first iteration that over 350 MMlb/yr of glycerol would need to be consumed. The capacities for 

individual plants are reported in Table 1, and are in million gallons per year of biodiesel. An 

approximate ratio between gallons of biodiesel and pound of glycerol was obtained from one of 

the literature sources for this project [2]. Using this ratio of 1.05 lb glycerol/gal biodiesel, it was 

found that the entire state of Missouri would only produce about 240 MMlb/yr of glycerol from 

biodiesel plant production. In fact, all the biodiesel plants in the United States [3] only produce 

about 2900 MMlb/yr of glycerol, meaning that the proposed plant as it was designed during the 

first iteration would consume over 12% of the nation’s glycerol produced through biodiesel 

production. This is far too high a ratio for economic viability, and so the feed was reduced to 100 

MMlb/yr of glycerol. This is less than half of the glycerol production for Missouri and roughly 

3.5% of the glycerol production of the country. This is a much more reasonable number.  
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Table 1:  Biodiesel Plants of Missouri, and their capacities [3] 

 

III. Scope of Work 

The design project is to convert Glycerol to 1,3-PDO using anaerobic fermentation. The original 

goal is to make 200 million lb/yr of 1,3-PDO. Due to feedstock constraints, this was reduced 

down to 50 million lb/yr. 

Constraints 

Scientific/Technical constraints 

 Thermodynamic Laws 

o Cooling water cannot be obtained below 80oF. We had to add propane cooling 

systems in order to achieve cooler temperatures. 

 Extent of Reaction 

o We needed to push the reaction to 100% so we used a 48 hour residence time. We 

had to adjust our reactor tank size to accommodate the residence time and the 

added production rate to accommodate the 8000hrs/year time constraint. 

Name City State Feedstock Capacity(Mmgy)

Preformance Biodiesel  St. Joseph  MO  Animal Fats  15 

ME Bio Energy LLC  Lilbourn  MO  Multi-Feedstock  5 

Blue Sun St. Joe Refinery 

St. Joseph  MO 

Corn Oil/Animal 

Fat/Waste Vegetable 

Oil/FOG 

30 

Natural Biodiesel Plant LLC  Hayti  MO  Multi-Feedstock  5 

Ag Processing Inc. - St. Joseph  St. Joseph  MO  Soy Oil  30 

Deerfield Energy LLC  Deerfield  MO  Soy Oil  30 

Global Fuels LLC  Dexter  MO  Animal Fats/Soy Oil  5 

Paseo-Cargill Energy LLC  Kansas City  MO  Soy Oil  56 

Mid-America Biofuels  Mexico  MO  Soy Oil  50 

Total Number of Plants: 9 Total Existing Capacity: 226
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 Bacterial 

o We needed to dilute our concentration of glycerol to 20g/L to maintain a habitable 

environment for our bacteria. We achieved this by adding water to our feedstock. 

Production Constraints 

 Amount of Production 

o We have to design our system to produce around 50 million lbs./year of 1,3-

propanediol to achieve a reasonable economy of scale. We did not meet this goal 

on a basis of 8000hrs/year during the previous semester, so the process will need 

to be adjusted. 

 Availability of  feedstock 

o We still have to look into the availability of our feedstock, in particular food for 

our bacteria and glycerol. Since we plan to be an add-on to an existing plant we 

need to see if their output of glycerol will meet our demands. 

 Capital 

o Our capital costs are within a reasonable range, meaning it is feasible for the 

proposed plant to be built. 

Practical Constraints 

 Tower Design 

o Designed to have all of our distillation towers below 200ft. Even though 

Hurricanes are not an issue, we wanted our towers to be manageable and safe. 

 Compressor Design 
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o We had a very large stream that needed to be compressed. This required a very 

large compressor. To be more practical we used two large compressors. 

Product/feedstock specification constraints 

 Product Purity 

o Our purity must be greater than 99% pure for 1,3-propanediol in order to sell it at 

the price we were considering. We currently meet this constraint, with a purity of 

99.9%.  

 Bacterial Nutritional Needs 

o The bacteria in question require various nutrients, including sources of nitrogen 

and phosphate. At the moment, we do not meet this constraint, as we have over-

simplified the nutritional requirements and neglected nitrogen needs. We will 

address this issue by providing sources of nitrogen, and any other nutrient needed, 

in the feedstock stream to the reactors. 

Safety Constraints 

 Klebsiella pneumoniae Constraints 

o K. pneumoniae can be dangerous if breathed in, so we will have breathing 

apparatus and clean-up procedures for areas where the bacteria is used in the 

event of a containment breach 

 Isobutyraldehyde (IBA) Constraints 

o To address the safety hazards of IBA, we will provide self-containing breathing 

apparatus, rubber boots, and heavy rubber gloves in areas where this chemical is 

being used in the event of a containment breach. 
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Environmental Constraints 

 IBA Limitations 

o Small concentrations of this chemical will be released in a vent and when a fuel 

stream is burned, and so the concentration must fall below environmental 

constraints. Our concentrations currently fall below dangerous concentrations as 

specified by SDS for IBA. 

 CO2  Limitations 

o State regulations on CO2 emissions may require us to add a CO2 scrubber. Due to 

the fact that our process is a bioprocess, the regulations might be more lenient.  

Economic Constraint 

 Minimum Profitability 

o We considered a minimum IRR for a profitable project as 20%. Our process 

currently has an IRR of 48%, meeting the minimum IRR for a new process 

IV. Introduction 

The need for this design comes from the large influx of our feed stock glycerol and the value of 

1,-3-PDO. Glycerol is a byproduct of the biodiesel industry. Biodiesel is made through a 

chemical process called transesterification where glycerin is separated from fat or vegetable oil. 

In 2011, U.S. biodiesel production passed the 1 billion gallon per year mark and it has steadily 

increased since then.  

With the increased market and government subsidies for biofuel the amount of available glycerin 

has also increased. Our project makes use of this abundant feedstock to create a more valuable 

product. We aim to take glycerin and convert it into 1,3-PDO. 1,3-PDO is a common building 
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block for some of the most commonly used polymers and composite materials. It can also be 

used to make adhesives, sealants, laminates, coatings, paints, perfumes, fragrances, personal care 

products and laboratory-scale chemicals. Due to 1,3-PDO’s wide use it is produced in mass 

quantities every year. It is imperative that we can produce 1,3-PDO in a cost-effective and 

environmentally safe manner [2].  

There are many ways to produce 1,3-Propanediol. These different methods are often 

distinguished by their feedstock. The most common feedstocks used to make 1,3-Propanediol are 

ethylene oxide, Acrolein, glycerin, and Glucose [4]. 

Petroleum Derivative Catalyst approach 

1,3-PDO is currently produced from petroleum derivatives such as ethylene oxide or acrolein. 

Ethylene oxide is a product of directly oxidizing Ethylene. Ethylene is produced in the 

petrochemical industry by steam cracking.[5]. Acrolein is made industrially by oxidation of 

propene and by decomposition of glycerol. The dehydration of glycerol has been demonstrated 

but has not proven competitive with the route from petrochemicals [6]. Both of these methods 

require expensive catalysts 

Glycerol fermentation 

“Biodiesel production will generate about 10% (w/w) glycerol as the main byproduct. In other 

words, every gallon of biodiesel produced generates approximately 1.05 pounds of glycerol. This 

indicates a 30-million-gallon-per-year plant will generate about 11,500 tonnes of 99.9 percent 

pure glycerin. It was projected that the world biodiesel market would reach 37 billion gallons by 

2016, which implied that approximately 4 billion gallons of crude glycerol would be produced” 
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[2]. As you can see in Figure 2, the biodiesel production in the United States is on the rise. This 

means that there will also be an increase of availability of glycerin. 

 

Figure 2:  U.S. Biodiesel production from 2003 to 2013 

Many different microorganisms are available to use for glycerin fermentation. Table 2 shows 

different microorganisms and their productivity. The most productive strain is K. pneumoniae. 

Many of these strains are still in laboratory scale testing.  
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Table 2:  List of different microorganism and their productivity in changing glycerin to 1,3-PDO [2]. 

Product Pathway 

Product 

producti

vity 

1, 3-PDO Fed-batch cultures of Klebsiella pneumoniae strain 1.7 g/L/h 

  
Maximum 1,3-propanediol production from K. 

pneumonia 
13.8 g/L 

  
Optimize 1,3-propanediol production from K. 

pneumoniae ATCC 15380 
56 g/L 

  

Integrated bioprocess combining biodiesel production 

by lipase with microbial production of 1, 3-propanediol 

by K. pneumoniae strain 

1.7 g/L/h 

  
Clostridium butyricum strain VPI 3266 on a synthetic 

medium 

0.60 

mol/mol 

glycerol 

  C. butyricum strain F2b (process modelling) NAa 

  
C. butyricum VPI 1718; fed-batch operation under 

non-sterile culture conditions 
67.9 g/L 

  

One vessel bio- and chemocatalytic process; in a 

biphasic system without intermediate separation of 1, 

3-propanediol; C. butyricum DSM10703 

134 m 

mol/L 
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Direct Catalyst approach 

There are also chemical catalytic routes that takes glycerol and converts it directly to 1,3-

Propanediol. This process is called glycerol hydrogenolysis [7]. The catalyst used was a 

Platinum Zirconium catalyst. The yields for this method approach 24% [8].  

Glucose Fermentation 

Similar to glycerin fermentation, glucose can be fermented by microorganisms to produce 1,3-

Propanediol. Usually a mixture of glucose and molasses is used in a two-step process using two 

microorganisms. Glucose is first converted into glycerol by the metabolic engineered S. 

cerevisiae strain. Then C. acetobutylicum converts the glycerol to 1,3-propanediol. These two 

conversions would happen in the same bioreactor [9]. 

We chose to produce 1,3-Propanediol through glycerin fermentation with K. pneumoniae. We 

avoided using petrochemicals for several reasons. Producing 1,3-Propanediol through 

petrochemicals requires several intermediate steps. The feedstock is often created through a 

previous process. This makes 1,3-Propanediol produced this way have a greater energy cost. 

Second, ethylene oxide is a byproduct petroleum process. The price of oil has been known to 

fluctuate. While the price is low now, there is no telling how the market will behave in the 

future. 

We decided to not use the direct catalyst method because of the scaling up the Platinum 

Zirconium catalyst would be extremely expensive. We chose not to use the Glucose fermentation 

method because it used multiple bacteria. Having a bioreactor with two microorganisms to take 

care of would only add to the complexity of the process. Also, glycerin was being produced as an 

intermediate step. We decided to skip the middleman and start with glycerin. In addition, since 
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glycerin can be produced through sustainable means, glucose does not really have any unique 

benefits. 

Choosing which microorganism to use for our fermentation was as simple as looking at which 

produced more 1,3-Propanediol. The clear winner was K. pneumoniae. In all the studies we read, 

it produced the most 1,3-Propanediol per gram of glycerin. 

V. Description of Base Case 

Overall description 

A block flow diagram of the process is shown in Figure 3. The bacteria, biomass (as a nutrient), 

water, feedstock, and nutrients are fermented. The fermented solution is vented and the biomass 

and ethanol are separated from the water, products and byproducts. The water is then separated 

from the product and byproducts using a reactive separation process in combination with the 

refrigeration block. The products and byproducts are then separated using a series of distillation 

columns. 

 

 

Figure 3:  Block flow diagram 
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Feeds, Products, and Recycles 

Feeds 

There are a number of feeds that will be utilized in order to maintain this process at its operating 

conditions. Glycerol is the primary feed, and is what is converted by K. pneumoniae into the 

primary product of 1,3-PDO. This feed is of 100 MMlb/yr or 12500 lb/hr. A number of nutrient 

sources, as outlined in literature source [10], are also fed to the reactor in the form of various 

salts. These flowrates can also be found in Table 3. Dipotassium hydrogen phosphate is fed to 

the process in order to supplying potassium and phosphate. This feed is of 19.08 MMlb/yr or 

2385 lb/yr. Potassium dihydrogen phosphate also acts as a source of potassium and phosphate, 

and is fed to the reactor at a rate of 14.99 MMlb/yr or 1874 lb/hr. Ammonium sulfate is fed at a 

rate of 10 MMlb/yr or 1250 lb/hr, and supplies nitrogen in the form of ammonium, as well as 

sulfur. A heptahydrate salt of magnesium sulfate (Epson salt) is also added at a rate of 2 

MMlb/yr or 250 lb/yr, and provides magnesium to the bacteria. A dihydrate salt of calcium 

chloride is added at a rate of 0.5 MMlb/yr or 62.5 lb/hr. Finally, cobalt (II) chloride hexahydrate 

is added at a rate of 0.02 MMlb/yr or 2.5 lb/hr, and is a micronutrient. A small draw of water is 

also necessary, as a purge of water exists that exceeds the production of water in the process, so 

water must be supplied in order to maintain the mass balance. This purge of water results from 

the production of water during the process, and because all the water cannot be separated from 

the other components. This feed is of 1.57 MMlb/yr or 196.25 lb/hr. IBA must also be supplied 

as a feed in order to make up for the IBA that is lost as a contaminant in the other exiting streams 

and for the IBA lost in a specified purge. IBA is fed at a rate of 2.55 MMlb/yr or 319 lb/hr.  
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Products 

Due to the biological nature of this process, there are many different products that are being 

created, many of which are not being evaluated specifically, but rather are lumped together and 

call “biomass.” The primary product is 1,3-PDO, and is produced at a rate of 51.02 MMlb/yr or 

6377.5 lb/hr. The byproducts for this process are acetic acid, formic acid, lactic acid, ethanol, 

succinic acid, CO2, H2, and biomass. All of these flowrates, and purities in the case of sellable 

products, are can be found in Table 3.  All other components not listed can be assumed to be 

Table 3:  Feed and Product Flowrates, in MMlb/yr 
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included under biomass (i.e. nucleic acids, lipids, proteins, etc.). There are also purges of both 

water and IBA, which can be seen in Table 3 as well. 

These flowrates are based on an operation time of 8000 hr/yr. The flowrates on the hourly basis 

are derived from the Aspen+ model, which simplified the process to that of a single continuous 

reactor. In reality, there are 15 parallel batch fermenters with a residence time of 48 hours. For 

this this reason, many of the flows that enter the process before the reactor cannot be thought of 

as having a set flowrate. 

Recycles 

This process will require a number of major recycles in order to make it feasible. There is a 

significant water recycle, stemming from the fact that concentrations of glycerol within the 

reactors above 20 g/L will become toxic to the microorganisms. A significant amount of water is 

used to dilute the glycerol to safe concentrations, and this water is later separated and recycled 

during the process.  

Another recycle is needed for IBA. This component is used to facilitate the liquid-liquid 

extraction needed for this process, but can be largely separated back out further along in the 

process. Much of this IBA can therefore be recycled back in order to reduce the costs associated 

with buying it. A small amount is lost as a contaminant in various other streams, and some of it 

must also be purged, as there is a cap on the recovery of this component.  

A recycle for biomass in also needed, as the nutrient salts cannot account for all the 

macronutrient needs of the bacteria. The biomass will act as a source of amino acids and other 

nutrients for the next batch of bacteria being added to the reactor. Bacteria must also be added to 

the reactor in order to create the culture that will feed on the glycerol during the batch process, 
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and these bacterial inoculations can come from the previous culture once it is separated from the 

products.  

No recycle is needed for glycerol or the nutrient salts, as the residence time considered for this 

process is large enough that the reaction can be considered to have gone to completion. This will 

discussed further later in the report. 

Reactions 

This process utilizes two separate classes of reactions. The first is the primary reaction, and this 

is the bio-reaction that creates our desired product, as well as the numerous byproducts that can 

also be sold at a profit. The second reaction is utilized to facilitate a two-phase liquid-liquid 

separation of our primary product, and is reversed once the product has been successfully 

separated. These two reactions are further expanded upon below. 

Primary Reaction 

The primary reaction process, consisting of two distinct reactions, takes place in 15 parallel batch 

reactors. These reactions form the basis of this process, as this is where glycerol is converted to 

the various products and byproducts through the use of the anaerobic fermentation of glycerol by 

K. pneumoniae. The two reactions are shown below.  

1. Glycerol  0.65 1,3-PDO + 0.22 Acetic Acid + 0.20 Formic Acid + 0.04 Lactic Acid 

+ 0.03 Ethanol + 0.02 Succinic Acid + 0.15 CO2 + 0.16 H2 + 0.33 Water 

2. Glycerol + 2.0175 K2HPO4 + 2.0295 KH2PO4 + 1.3941 (NH4)5SO4 + 0.1495 MgSO4-

7H2O + 0.06263 CaCl2-2H2O + 0.001548 CoCl2-6H2O  Biomass + 1.181048 H2O 
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The first reaction is the grouping of the products that are of interest for selling, with CO2, H2, and 

water added in order to achieve atomic balance. The coefficients for the product and byproducts 

are based on literature values [10] for the conversions achieved by K. pneumoniae. The second 

reaction is included to account for the increase in biomass, which in this case includes all other 

biological components that are not of interest for this process. In order to achieve mass balance, 

biomass in the second reaction is assumed to have a molecular weight equal to the combined 

molecular weights of glycerol and the various nutritional salts, after they have lost their 

associated water molecules. The coefficients for the salts in the second reaction are derived from 

the salt concentrations used in the literature [10] in order to facilitate the bacterial growth leading 

to the conversions listed as the coefficients in the first reaction. The selectivity between these 

two reactions is 95:5, in favor of the first reaction that creates our primary product. This is based 

on a literature value stating that the first reaction achieves a carbon recovery of 95% [10]. It was 

assumed that the remaining carbon went to biomass.  

These reactions are considered to have gone to completion, making it unnecessary to consider a 

glycerol or nutrient salt recycle. In other words, this process assumes that all of the glycerol is 

consumed during this reaction process. In order to achieve this 100% conversion, a large 

residence time must be used. Literature sources state that complete consumption of glycerol is 

achieved after a residence time of 48 hours [10]. Therefore, for this process, a 48 residence time 

in the parallel batch reactors was considered. This consideration results in 15 large batch 

reactors. The sizing for these reactors will be discussed later. Experimental evidence [11] shows 

that bacterial growth can be optimized at a temperature of 37°C, and, for this reason, this 

temperature will be used for the batch reactors to push the reactions to completion during the 

residence time.  
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It should be mentioned that the above reactions are a simplification of the complex biological 

pathways that are taking place as the bacteria attempts to survive by breaking down the glycerol. 

A more detailed outline of complex pathways involved can be seen in Figure 4.  In reality, there 

are numerous reactions taking place, and they have been grouped together for simplicity and for 

simulation purposes. It should also be noted that Figure 4 outlines several pathways that 

experimental evidence indicate do not take place in the specific case of fermentation by K. 

pneumoniae. These pathways are those that lead to the creation of butanol, butyrate, and 1,2-

Figure 4:  Diagram of biological pathways associated with the production of 1,3-PDO and the various byproducts[13] 
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butanediol. The literature [10] does not specify these components as appearing in any significant 

concentration, despite their place on the cascading pathways for glycerol fermentation. This 

likely has something to do with the specific fermentation carried out by K. pneumoniae, as 

opposed to the fermentation of glycerol that can be carried out by other bacteria, such as a lack 

of an enzyme that would facilitate these pathways. It might also be the case that K. pneumoniae 

converts these components to another compound using an alternative pathway. Not enough is 

known about K. pneumoniae at this time to do more than point out this fact and speculate as to its 

origin.  

The two reactions listed above are an adjustment from the reactions used in the first iteration of 

the proposed plant design. The initial design utilized the equation below. 

1. Glycerol + Dipotassium Hydrogen Phosphate  Biomass  

This equation was obtained directly from one of the identified sources [12] from the Fall 2015 

semester. This equation is erroneous, as it neglects the bacterial need for nitrogen, as well as 

neglecting all other nutritional needs besides nitrogen, phosphorous, and potassium. This 

equation was used because it presented a form that would be simple to input into an Aspen+ 

simulation. During the Spring 2016 semester, a second iteration of the design plan was created 

that adjusted this equation in order to better fit it to what might actually be needed, or more 

specifically, what was used in the literature [10]. However, the form of the equation was kept the 

same, as a simple adjustment could be made that simply added components and changed 

coefficients.  

It should be noted that this approximation of what is taking place in the reactor is not dynamic 

with respect to time. It is simply based on what should be observed at the end of a specified 
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amount of time, or, more accurately, what will be observed when all the glycerol has been 

consumed. In reality, the concentration of glycerol, biomass, and all the products will be 

changing with time, and will in turn effect the conversion. This time of relationship can be fit to 

a Monod-type equation in order to determine the actual dynamic reactions occurring within the 

reactor during the specified time. For the sake of this project, this type of relationship was not 

considered, and instead the reactions are considered to go to completion with a sufficiently long 

residence time. 

Secondary Reaction (for separation) 

The secondary reaction is performed in order to achieve a liquid-liquid two-phase separation. It 

works via the reversible reaction shown in Figure 5, where 1,3-PDO reacts with IBA to form 2-

isopropyl-1,3-dioxane, which will be known as the “pseudo-product” throughout this process.  

 

Figure 5:  Reversible reaction of 1,3-PDO and IBA to form the “pseudo-product”[14] 

This reaction is easily reversible, which is important for this process as the “pseudo-product” is 

not our desired product. After this secondary reaction takes place, most of the water in the 

process can be separated out through liquid-liquid two-phase separation, as the liquids will 

separate into an aqueous stream and an organic stream. Following this separation, a small 

amount of the separated water can be re-added in order to drive the reaction back to the left and 
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reform our primary product. This reversing of the secondary reaction takes place within a 

reactive distillation column. 

Simulation 

Properties 

Components: 

 Glycerol (GLYCE-01; APV84.PURE28 databank) 

 1,3-PDO (1,3PDO; APV84.PURE28 databank) 

 Acetic Acid (ACETI-01; APV84.PURE28 databank) 

 Lactic Acid (LACTI-01; APV84.PURE28 databank) 

 Succinic Acid (SUCCI-01; APV84.PURE28 databank) 

 Formic Acid (FORMI-01; APV84.PURE28 databank) 

 Ethanol (ETHAN-01; APV84.PURE28 databank) 

 Water (H2O; APV84.PURE28 databank) 

 Carbon Dioxide (CO2; APV84.PURE28 databank) 

 Dipotassium Phosphate (DIPOT-01; NISTV84.NIST-TRC databank) 

 Biomass (BIOMASS; redefined N-Decane to a solid with molecular weight of 950.321; 

APV84.PURE28 databank) 

 Hydrogen (H2; APV84.PURE28 databank) 

 Isobutyraldehyde (ISOBU-01; APV84.PURE28 databank) 

 1,3-Dioxane,-2-(1-Methylethyl)- (1:3-D-01; other component name is 2-isopropyl-1,3-

dioxane; NISTV84 NIST-TRC databank) 

 Propane (PROP; APV84.PURE28 databank) 



P a g e  | 28 

 

 Potassium Dihydrogen Phosphate (POTAS-01; NISTV94.NIST-TRC databank) 

 Ammonium Sulfate (AMMON-01; APV84.PURE28 databank) 

 Magnesium Sulfate Heptahydrate (MGSO4-01; APV84.SOLIDS databank) 

 Calcium Chloride Dihydrate (CACL2-01; APV84.SOLIDS databank) 

 Cobalt Chloride Hexahydrate (COCL2-01; APV84.SOLIDS databank) 

The method property used in this simulation is NRTL. Some of the unit operations use PENG-

ROB, NRTL-HOC, and VANL-RK. Such changes in property methods with be noted in the unit 

operation information 

Flow sheet 

It is good to note that the process is explained in a piece wise matter. That is to say, that each bit 

of information is presented in the form that it was added to the simulation. 

In Figure 6, Block 1 (Fermentation) is shown. Streams 100 (glycerol feed) and 101(nutrient)and 

mixed (M100) to produce stream 102. Stream 102 flows into a heat exchanger S100 in order to 

raise the temperature to 249.8°F in order to sanitize the flow. The resulting stream (102) is 

cooled down to 95°F by the heat exchanger H100 resulting in stream 104. Water from a recycle 

stream (333) and a water feed stream (106) are mixed (M101) to form the resulting stream 107. 

The bacteria and nutrient biomass stream (105), stream 104, and stream 107 enter the 

fermentation reactor R100. The fermentation product stream is stream 108. 
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Figure 6:  Block 1 (Fermentation) flow sheet 

Initial inputs for designated streams and unit operations for block 1: 

 Stream 100:  temperature 75°F, pressure 24.7psia, mass flow 12500lb/hr of glycerol 

 Stream 101:  temperature 75°F, pressure 24.7psia, mass flow 4633.75lb/hr Dipotassium 

Phosphate (other nutrients defined by calculator block) 

 Stream 105:  temperature 95°F, pressure 14.7psia, mass flow 3225.18lb/hr of Biomass 

 Stream 106:  temperature 70°F, pressure 14.7psia, mass flow 900lb/hr of water 
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 Stream 333:  Temperature 70°F, pressure 14.7psia, mass flow 569000lb/hr of water 

(initial guess) 

 M100:  no specs 

 S100:  temperature 121°C (249.8°F), pressure drop of 5psia 

 H100:  temperature 95°F, pressure drop of 5psia 

 M101:  no specs 

 R100:  temperature 95°F, no pressure drop 

o Reaction 1 (95% conversion of glycerol):  GLYCE-01(MIXED)   -->  0.65 

1,3PDO(MIXED) + 0.22 ACETI-01(MIXED) + 0.2 FORMI-01(MIXED) + 0.04 

LACTI-01(MIXED) + 0.03 ETHAN-01(MIXED) + 0.02 SUCCI-01(MIXED) + 

0.15 CO2(MIXED) + 0.33 H2O(MIXED) + 0.16 H2(MIXED) 

o Reaction 2 (5% conversion of glycerol):  GLYCE-01(MIXED)  + 2.0175 DIPOT-

01(MIXED)  + 2.0295 POTAS-01(MIXED)  + 1.3941 AMMON-01(MIXED)  + 

0.1495 MGSO4-01(MIXED)  + 0.06263 CACL2-01(MIXED)  + 0.001548 

COCL2-01(MIXED)   -->  BIOMASS(MIXED) 

Flowsheet design spec and calculator for block 1: 

 DILUTION (design spec):  used to adjust the amount of feed water in stream 106. The 

adjustment is made to make stream 107 have a certain amount of water to make the 

dilution of glycerol entering into R100 be 20g/L. 

o Define 

 FDGLY:  Mass-Flow Stream=100 Substream=MIXED 

Component=GLYCE-01 Units=gm/hr 
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 FLOH2O:  StdVol-Flow Stream=107 Substream=MIXED 

Component=H2O Units=l/hr 

 CONCEN:  Parameter Parameter no.=1 Physical type=Mass-Conc 

Units=gm/l Initial value=20 

o Spec:  CONCEN (Spec), 20 (Target), 0.01 (Tolerance) 

o Vary:  Mass-Flow (Type), 106 (Stream), MIXED (substream), H2O 

(Component), lb/hr (units), manipulated from 0 to 5000 (maximum step size of 1) 

o Fortran 

 CONCEN=FDGLY/FLOH2O 

 NUTRBAL (calculator):  used to calculate and input the needed nutrients for a certain 

input of glycerol 

o Define 

 FDGLY:  import variable; Mole-Flow Stream=100 Substream=MIXED 

Component=GLYCE-01 Units=lbmol/hr 

 FDK2:  export variable; Mole-Flow Stream=101 Substream=MIXED 

Component=DIPOT-01 Units=lbmol/hr 

 FDK:  export variable; Mole-Flow Stream=101 Substream=MIXED 

Component=POTAS-01 Units=lbmol/hr 

 FDN:  export variable; Mole-Flow Stream=101 Substream=MIXED 

Component=AMMON-01 Units=lbmol/hr 

 FDM:  export variable; Mole-Flow Stream=101 Substream=MIXED 

Component=MGSO4-01 Units=lbmol/hr 
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 FDCA:  export variable; Mole-Flow Stream=101 Substream=MIXED 

Component=CACL2-01 Units=lbmol/hr 

 FDCO:  export variable; Mole-Flow Stream=101 Substream=MIXED 

Component=COCL2-01 Units=lbmol/hr 

o Calculate (Fortran) 

 FDK2=FDGLY*.05*2.0175 

 FDK=FDGLY*.05*2.0295 

 FDN=FDGLY*.05*1.3941 

 FDM=FDGLY*.05*.1495 

 FDCA=FDGLY*.05*.06263 

 FDCO=FDGLY*.05*.001548 

o Sequence:  use import/export variables (Execute) 

Figure 7 shows Block 2 (Gas vent, Centrifuge, Ethanol Removal) of the flow diagram. Stream 

108 enters the flash drum F200 in order to remove the majority of the CO2 and H2 in the top 

stream (200). The bottom stream (201) flows to the centrifuge (C200) in order to separate the 

biomass into stream 202. The rest of the solution continues in stream 203 to pump P200. At 

pump P200, the pressure is increased to 40psi and results in stream 204. Stream 204 is feed to the 

ethanol removal tower (T200). The resulting streams from T200 are streams 205 (top; majority 

Ethanol) and 206 (bottom). 

Stream 205 enters the heating block H201 to have the temperature reduced down to 90°F. The 

resulting stream (207) is fed to a flash tank F201 to separate more of the CO2 and H2 are vented 

into the top stream (208). The bottom stream (209) contains mostly ethanol (81.5% mole, 90.1% 

mass). 
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Initial inputs for unit operations for block 2: 

 F200:  pressure 14.7psia, no duty 

 C200 (separation block):  outlet stream 202, substream MIXED, BIOMASS 1 and all 

other components 0 

 P200:  pressure 40psia 

 T200:  40 stages, partial-vapor condenser, kettle reboiler, 100lbmol/hr distillate rate, 2 

reflux ratio; feed stream 20 above-stage; 25psia condenser pressure, 5psi condenser 

pressure drop, 0.1psi stage pressure drop 

o Design spec 

Figure 7:  Block 2 (Gas vent, Centrifuge, Ethanol Removal) flow sheet 
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 Ethanol recovery spec: 99.8% mole recovery; Ethanol; stream 205 

 Vary:  Distillate rate from 1lbmol/hr to 200lbmol/hr 

 H201:  temperature 90°F, pressure drop of 5psia 

 F201:  pressure 14.7psia, no duty 

The Figure 8 shows the flow sheet for Block 3 (Water Removal). The IBA feed stream (300) and 

the IBA recycle stream (323) are mixed (M300) and results in stream 301.  Stream 206 and 301 

are feed to reactor R300 to produce the pseudo-product 2-isopropyl-1,3-dioxane from IBA and 

1,3-PDO. The resultant fluid, stream 302, is fed to pump P300 to increase its pressure to 40psia. 

The resultant stream (300) is fed to heater block H300 (same as H501) to decrease the 

temperature to 35°F and flows out as stream 304. Stream 304 is fed to the decanter block D300. 

The majority of the water from D300 leaves in stream 305, while the pseudo-product and 

byproducts are in stream 306. Stream 305 is split (M301) into the two streams 307 and 308. The 

split is needed to make the amount of water in streams 306 and 308 to be a 0.6224moles of water 

Figure 8:  Block 3 (Water Removal) flow sheet 
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to 0.3776moles of pseudo-product entering into the reactive distillation [14]. Stream 307 is split 

(M303) into streams 324 and 325. Stream 324 is a .15% purge of stream 307. 

The operation blocks reactor R301 (reverse reaction), pump P301, and tower T300 (IBA 

removal) are simulated separately even though they technically would be a single reactive 

distillation tower. For the simulation, R301 reverts the pseudo-product back into 1,3-PDO and 

IBA by reverse acetylation using water. The resulting stream (309) flows to P301 to increase the 

pressure to 40psia resulting in stream 310. Stream 310 is fed to T300. The resulting streams from 

T300 are streams 311 (top; IBA/water mix) and 312 (bottom). 

Stream 311 is feed to heat exchanger H301 (same as H502) to decrease the temperature to 35°F 

and flows out as stream 313. Stream 313 is fed to decanter D301. Water with trace components 

leave D301 in stream 314 and IBA with some water is in the other stream (315). Stream 315 is 

then feed to pump P302 to increase the pressure to 40psia and leaves as stream 316. Stream 316 

is fed to tower T301 (water/IBA separation). The resulting streams from T301 are streams 317 

(top; IBA/water mix) and 318 (bottom; majority IBA). 

Stream 317 is fed to heat exchanger H302 (same as H503) to decrease the temperature to 30°F 

and flows out as stream 319. Stream 319 is fed to decanter D302. Water with trace components 

flow from D302 in stream 320 and IBA with trace components is in the other stream (321). 

Steams 318 and 321 are mixed (M302) to form stream 322. Steam 322 is fed to heat exchanger 

H303 (same as H504) to decrease the temperature to 50°F resulting in stream 323. Streams 314, 

320 and 325 are mixed (M304) resulting in stream 326. Stream 326 is fed to heat exchanger 

H304 increasing the temperature to 95°F. 
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Stream 312 is fed to tower T303 (IBA purge). The top stream (327) removes the rest of the IBA. 

The bottom stream (328) contains the product and byproducts. 

Initial inputs for designated streams and unit operations for block 2: 

 Stream 300:  temperature 50°F, pressure 35psia, mass flow 100lb/hr of IBA 

 Stream 323:  temperature 50°F, pressure 14.7psia, mass flow 31788.95lb/hr of IBA 

(Initial Guess; this stream when finally connected is teared and reconciled) 

 Stream 333:  At the point of connecting tear this stream and reconcile 

 M300:  no specs 

 R300:  temperature 10°C (50°F), no pressure drop 

o Reaction 1 (100% conversion of 1,3-PDO):  ISOBU-01(MIXED)  + 

1,3PDO(MIXED)   -->  1:3-D-01(MIXED) + H2O(MIXED) 

 P300:  pressure 40psia 

 H300:  temperature 35°F, pressure drop of 5psia 

 D300:  no duty, pseudo-product and IBA are key components; property method changed 

to PENG-ROB 

 M301:  initial split fraction 0.4% stream 308 (adjusted by design spec) 

 R301:  temperature 10°C (50°F), no pressure drop 

o Reaction 1 (100% conversion of pseudo-product):  H2O(MIXED)  + 1:3-D-

01(MIXED)   -->  1,3PDO(MIXED) + ISOBU-01(MIXED) 

 P301:  pressure 40psia 

 T300:  40 stages, total condenser, kettle reboiler, 400lbmol/hr distillate rate, 2 reflux 

ratio; feed stream 25 above-stage; 25psia condenser pressure, 5psi condenser pressure 

drop, 0.1psi stage pressure drop 
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o Design Spec 

 IBA recovery spec:  99% mole recovery; IBA; stream 311 

 Vary:  distillate rate from 1lbmol/hr to 200lbmol/hr 

 H301:  temperature 35°F, pressure drop of 5psia 

 D301:  no duty, IBA key component; property method changed to PENG-ROB 

 P302:  pressure 40psia 

 T301:  20 stages, total condenser, kettle reboiler, 8lbmol/hr distillate rate, 10 reflux ratio; 

feed stream 10 above-stage; 25psia condenser pressure, 5psi condenser pressure drop, 

0.1psi stage pressure drop 

o Design Spec 

 Water removal spec:  99% mole recovery, water, stream 317 

 Vary:  distillate rate from 5lbmol/hr to 100lbmol/hr 

 H302:  temperature 35°F, pressure drop of 5psia 

 D302:  no duty, IBA key component; property method changed to PENG-ROB 

 M302:  no specs 

 H303:  temperature 10°C (50°F), pressure drop of 5psia 

 M303:  .split fraction 0.15% stream 324 

 M304:  no spec 

 H304:  temperature 95°F, pressure drop of 5psia 

 T303:  10 stages, total condenser, kettle reboiler, 15lbmol/hr distillate rate, 100 reflux 

ratio; feed stream 5 above-stage; 25psia condenser pressure, 5psi condenser pressure 

drop, 0.1psi stage pressure drop 

o Design Spec 
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 IBA removal spec:  99.99% mole recovery; IBA; stream 327 

 Vary:  distillate rate from 0lbmol/hr to 50lbmol/hr 

 IBA purity spec:  70% mole purity; IBA; stream 327 

 Vary:  reflux ratio from 50 to 150 

Flowsheet design specs for block 3: 

 FDISOB:  Adjusts the IBA in stream 500. This adjustment is to have the mass flow of 

IBA in stream 301 be 5 times the amount of 1,3-PDO in stream 206. 

o Define 

 FLOISO:  Mass-Flow Stream=301 Substream=MIXED 

Component=ISOBU-01 Units=lb/hr 

 FLOPDO:  Mass-Flow Stream=206 Substream=MIXED 

Component=1,3PDO Units=lb/hr 

o Spec:  FLOISO (Spec), 5*FLOPDO (Target), 1 (Tolerance) 

o Vary:  Mass-Flow (Type), 300 (Stream), MIXED (substream), ISOBU-01 

(Component), lb/hr (units), manipulated from 0 to 2000 

 RXNWATER:  Adjust the split fraction of M301 to have the amount of water entering 

R301 to have a 0.6224/0.3776 water to pseudo-product ratio 

o Define 

 RXNW:  Mole-Flow Stream=308 Substream=MIXED Component=H2O 

Units=lbmol/hr 

 PSU306:  Mole-Flow Stream=306 Substream=MIXED Component=1:3-

D-01 Units=lbmol/hr 
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 W306:  Mole-Flow Stream=306 Substream=MIXED Component=H2O 

Units=lbmol/hr 

o Spec:  RXNW (Spec), PSU306*(0.6224/0.3776)-W306 (Target), 0.1 (Tolerance) 

o Vary:  Block-Var (Type), M301 (Block), FLOW/FRAC (variable), 308 (ID1), 

manipulated from 0 to 0.01 

Block 4 (Product/byproduct removal) is shown in figure 9. Stream 328 is increased to 40psia by 

pump P400 resulting in stream 400. Stream 400 is fed into tower T400 (Formic Acid removal). 

The top stream (401) removes Formic Acid from the product and the other byproducts, which are 

in the bottom stream (402). Stream 402 is fed to tower T401 (Acetic Acid removal). The top 

stream (403) removes Acetic Acid from the product and the remaining byproducts, which are in 

the bottom stream (404). Stream 404 is fed to tower T402 (1,3-PDO removal). The top stream 

(405)0 removes 1,3-PDO from the remaining byproducts which are in the bottom stream (406). 

Stream 406 flows to pump P401 to increase the pressure to 40psia resulting in stream 407. 

Stream 407 is fed to tower T403 (Lactic/Succinic Acid separation). The top stream (408) consists 

of Lactic Acid while the bottom stream (409) consists of Succinic Acid. 

Initial inputs for unit operations for block 4: 

Figure 9:  Block 4 (Product/byproduct removal) flow sheet 
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 P400:  pressure 40psia 

 T400:  50 stages, total condenser, kettle reboiler, 20lbmol/hr distillate rate, 100 reflux 

ratio; feed stream 25 above-stage; 25psia condenser pressure, 5psi condenser pressure 

drop, 0.1psi stage pressure drop 

o Design Spec 

 Formic Acid recovery spec:  99.99% mole recovery; Formic Acid; stream 

401 

 Vary:  distillate rate from 10lbmol/hr to 50lbmol/hr 

 T401  50 stages, total condenser, kettle reboiler, 28lbmol/hr distillate rate, 100 reflux 

ratio; feed stream 25 above-stage; 25psia condenser pressure, 5psi condenser pressure 

drop, 0.1psi stage pressure drop 

o Design Spec 

 Acetic Acid recovery spec:  99.999% mole recovery; Acetic Acid; stream 

403 

 Vary:  distillate rate from 10lbmol/hr to 70lbmol/hr 

 T402  50 stages, total condenser, kettle reboiler, 83lbmol/hr distillate rate, 5 reflux ratio; 

feed stream 25 above-stage; 50mmHg condenser pressure, 50mmHg stage 2 pressure, 

0.5in-water stage pressure drop 

o Design Spec 

 1,3-PDO recovery spec:  99.999% mole recovery; 1,3-PDO; stream 405 

 Vary:  distillate rate from 50lbmol/hr to 100lbmol/hr 

 1,3-PDO purity spec:  99.99% mole purity; 1,3-PDO; stream 405 

 Vary:  reflux  
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 T403  30 stages, total condenser, kettle reboiler, 5lbmol/hr distillate rate, 2 reflux ratio; 

feed stream 15 above-stage; 25psia condenser pressure, 5psi condenser pressure drop, 

0.1psi stage pressure drop 

o Design Spec 

 Lactic Acid recovery spec:  99.99% mole recovery; Lactic Acid; stream 

408 

 Vary:  Distillate rate from 1lbmol/hr to 10lbmol/hr 

Figure 10 shows the flow sheet for Block 5 (Refrigeration). This section is an open loop 

representation of a closed loop system. Streams 500 (same as stream 510), 501 (same as stream 

513), 502 (same as stream 516), and 503 (same as stream 517) are mixed (M500) to produce 

stream 504. Stream 504 is fed to compressor Q500 to increase the pressure to 200psia resulting 

in stream 505. Stream 505 enters heat exchanger H500 to change the fluid from dew point to 

bubble point resulting in stream 506. Stream 506 flows through valve V500 to drop the pressure 

of the fluid to 30psia. The resulting stream (507) is split (M501) into streams 508 and 509. 

Stream 508 is fed to heat exchanger H501 that results in stream 513. Stream 509 is split (M502) 

into stream 511 and 512. Stream 511 is fed to heat exchanger H502 resulting in stream 513. 

Figure 10:  block 5 (Refrigeration) flow sheet. 
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Stream 512 is split (M503) and results in stream 514 and 515. Stream 514 is fed to heat 

exchanger H503 resulting in stream 516. Stream 515 is fed to heat exchanger H504 resulting in 

stream 517. 

This block of the simulation was built piece wise by closed loops. The design specs were added 

accordingly as the loops were completed. 

Initial inputs for designated streams and unit operations for block 5: 

 Stream 500:  pressure 25psia, vapor fraction 1, 2000lbmol/hr (total flow rate), Prop 1 

(mole-frac) 

 Stream 501:  pressure 25psia, vapor fraction 1, 562lbmol/hr (total flow rate), Prop 1 

(mole-frac) 

 Stream 502:  pressure 25psia, vapor fraction 1, 20lbmol/hr (total flow rate), Prop 1 (mole-

frac) 

 Stream 503:  pressure 25psia, vapor fraction 1, 540lbmol/hr (total flow rate), Prop 1 

(mole-frac) 

 M500:  no specs 

 Q500:  Polytropic using ASME method (type); 200psia discharge power, 0.75 

(polytropic) 

 H500:  5psia pressure drop, 0 vapor fraction 

 V500:  Adiabatic flash for specified outlet pressure, 30psia outlet pressure 

 M501:  initial split fraction 70% stream 508 (adjusted by design spec) 

 H501:  5psia pressure drop, 1 vapor fraction 

 M502:  initial split fraction 70% stream 511 (adjusted by design spec) 
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 H502:  5psia pressure drop. 0 vapor fraction 

 M503:  initial split fraction 10% stream 514 (adjusted by design spec) 

 H503:  5psia pressure drop, 0 vapor fraction 

 H504:  5psia pressure drop, 0 vapor fraction 

Flowsheet design specs for block 5: 

 REFR300:  adjust the amount of propane in stream 500 in order to have the duty of H501 

equal to the negative duty of H300 

o Define 

 H501D:  Block-Var Block=H501 Variable=QCALC Sentence=PARAM 

Units=Btu/hr 

 H300D:  Block-Var Block=H300 Variable=QCALC Sentence=PARAM 

Units=Btu/hr 

o Spec:  H501D (spec), -H300D (Target), 1 (Tolerance) 

o Vary:  Stream-Var (Type), 500 (Stream), MIXED (Substream), MOLE-FLOW 

(Variable), lbmol/hr (Units), manipulated from 2000 to 3500 

 S-M501:  adjusts the split fraction of M501 so that the flow rate of propane in stream 508 

is equal to that of stream 500 

o Define 

 FLO500:  Stream-Var Stream=500 Substream=MIXED Variable=MOLE-

FLOW Units=lbmol/hr 

 FLO508:  Stream-Var Stream=508 Substream=MIXED Variable=MOLE-

FLOW Units=lbmol/hr 

o Spec:  FLO508 (spec), FLO500 (target), 0.01 (Tolerance) 
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o Vary:  Block-Var (Type), M501 (Block), FLOW/FRAC (variable), 508 (ID1), 

manipulated from 0.5 to 1, 0.001 step size 

 REFR301:  adjust the amount of propane in stream 501 in order to have the duty of H502 

equal to the negative duty of H301 (warning may occur due to flat response causing a 

convergence error in the fact that it did not converge normally in the final pass) 

o Define 

 H502D:  Block-Var Block=H502 Variable=QCALC Sentence=PARAM 

Units=Btu/hr 

 H301D:  Block-Var Block=H301 Variable=QCALC Sentence=PARAM 

Units=Btu/hr 

o Spec:  H502D (spec), -H301D (Target), 1 (Tolerance) 

o Vary:  Stream-Var (Type), 501 (Stream), MIXED (Substream), MOLE-FLOW 

(Variable), lbmol/hr (Units), manipulated from 561 to 565, 0.0001 step size 

 S-M502:   adjusts the split fraction of M502 so that the flow rate of propane in stream 

511 is equal to that of stream 501 

o Define 

 FLO501:  Stream-Var Stream=501 Substream=MIXED Variable=MOLE-

FLOW Units=lbmol/hr 

 FLO511:  Stream-Var Stream=511 Substream=MIXED Variable=MOLE-

FLOW Units=lbmol/hr 

o Spec:  FLO511 (spec), FLO501 (target), 0.1 (Tolerance) 

o Vary:  Block-Var (Type), M502 (Block), FLOW/FRAC (variable), 511 (ID1), 

manipulated from 0.3 to 0.7 



P a g e  | 45 

 

 REFR302:  adjust the amount of propane in stream 502 in order to have the duty of H503 

equal to the negative duty of H302 (warning may occur due to flat response causing a 

convergence error in the fact that it did not converge normally in the final pass) 

o Define 

 H503D:  Block-Var Block=H503 Variable=QCALC Sentence=PARAM 

Units=Btu/hr 

 H302D:  Block-Var Block=H302 Variable=QCALC Sentence=PARAM 

Units=Btu/hr 

o Spec:  H503D (spec), -H302D (Target), 0.1 (Tolerance) 

o Vary:  Stream-Var (Type), 502 (Stream), MIXED (Substream), MOLE-FLOW 

(Variable), lbmol/hr (Units), manipulated from 1 to 40 

 S-M503:  adjusts the split fraction of M503 so that the flow rate of propane in stream 514 

is equal to that of stream 502 

o Define 

 FLO502:  Stream-Var Stream=502 Substream=MIXED Variable=MOLE-

FLOW Units=lbmol/hr 

 FLO514:  Stream-Var Stream=514 Substream=MIXED Variable=MOLE-

FLOW Units=lbmol/hr 

o Spec:  FLO514 (spec), FLO502 (target), 0.1 (Tolerance) 

o Vary:  Block-Var (Type), M503 (Block), FLOW/FRAC (variable), 514 (ID1), 

manipulated from 0 to 0.2 
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 REFR303:  adjust the amount of propane in stream 503 in order to have the duty of H504 

equal to the negative duty of H303 (warning may occur due to flat response causing a 

convergence error in the fact that it did not converge normally in the final pass) 

o Define 

 H504D:  Block-Var Block=H504 Variable=QCALC Sentence=PARAM 

Units=Btu/hr 

 H303D:  Block-Var Block=H303 Variable=QCALC Sentence=PARAM 

Units=Btu/hr 

o Spec:  H504D (spec), -H303D (Target), 0.1 (Tolerance) 

o Vary:  Stream-Var (Type), 503 (Stream), MIXED (Substream), MOLE-FLOW 

(Variable), lbmol/hr (Units), manipulated from 540 to 55 

Stream Tables 

The stream tables for the calculated values after running the simulation are found in Tables 4.1 to 

4.9 (blocks 1 through 4) and Tables 5.1 to 5.3 (block 5). 
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Table 4.1:  Stream tables for streams 100 to 106 

  Units 100 101 102 103 104 105 106 

From       M100 S100 H100     

To   M100 M100 S100 H100 R100 R100 M101 

Substream: MIXED                 

Phase:   Liquid Liquid Liquid Liquid Liquid Solid Liquid 

Component Mole Flow                 

GLYCE-01 LBMOL/HR 135.7298 0 135.7298 135.7298 135.7298 0 0 

1,3PDO LBMOL/HR 0 0 0 0 0 0 0 

ACETI-01 LBMOL/HR 0 0 0 0 0 0 0 

LACTI-01 LBMOL/HR 0 0 0 0 0 0 0 

SUCCI-01 LBMOL/HR 0 0 0 0 0 0 0 

FORMI-01 LBMOL/HR 0 0 0 0 0 0 0 

ETHAN-01 LBMOL/HR 0 0 0 0 0 0 0 

H2O LBMOL/HR 0 0 0 0 0 0 10.8647 

CO2 LBMOL/HR 0 0 0 0 0 0 0 

DIPOT-01 LBMOL/HR 0 13.69175 13.69175 13.69175 13.69175 0 0 

BIOMASS LBMOL/HR 0 0 0 0 0 3.393774 0 

H2 LBMOL/HR 0 0 0 0 0 0 0 
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  Units 100 101 102 103 104 105 106 

ISOBU-01 LBMOL/HR 0 0 0 0 0 0 0 

1:3-D-01 LBMOL/HR 0 0 0 0 0 0 0 

PROP LBMOL/HR 0 0 0 0 0 0 0 

POTAS-01 LBMOL/HR 0 13.77318 13.77318 13.77318 13.77318 0 0 

AMMON-01 LBMOL/HR 0 9.461047 9.461047 9.461047 9.461047 0 0 

MGSO4-01 LBMOL/HR 0 1.01458 1.01458 1.01458 1.01458 0 0 

CACL2-01 LBMOL/HR 0 0.4250379 0.4250379 0.4250379 0.4250379 0 0 

COCL2-01 LBMOL/HR 0 0.0105054 0.0105054 0.0105054 0.0105054 0 0 

Component Mole Fraction                 

GLYCE-01   1 0 0.7795819 0.7795819 0.7795819 0 0 

1,3PDO   0 0 0 0 0 0 0 

ACETI-01   0 0 0 0 0 0 0 

LACTI-01   0 0 0 0 0 0 0 

SUCCI-01   0 0 0 0 0 0 0 

FORMI-01   0 0 0 0 0 0 0 

ETHAN-01   0 0 0 0 0 0 0 

H2O   0 0 0 0 0 0 1 

CO2   0 0 0 0 0 0 0 
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  Units 100 101 102 103 104 105 106 

DIPOT-01   0 0.3567779 0.0786403 0.0786403 0.0786403 0 0 

BIOMASS   0 0 0 0 0 1 0 

H2   0 0 0 0 0 0 0 

ISOBU-01   0 0 0 0 0 0 0 

1:3-D-01   0 0 0 0 0 0 0 

PROP   0 0 0 0 0 0 0 

POTAS-01   0 0.3589 0.079108 0.079108 0.079108 0 0 

AMMON-01   0 0.2465349 0.0543407 0.0543407 0.0543407 0 0 

MGSO4-01   0 0.0264378 0.00582738 0.00582738 0.00582738 0 0 

CACL2-01   0 0.0110755 0.00244126 0.00244126 0.00244126 0 0 

COCL2-01   0 0.000273751 6.03E-05 6.03E-05 6.03E-05 0 0 

Component Mass Flow                 

GLYCE-01 LB/HR 12500 0 12500 12500 12500 0 0 

1,3PDO LB/HR 0 0 0 0 0 0 0 

ACETI-01 LB/HR 0 0 0 0 0 0 0 

LACTI-01 LB/HR 0 0 0 0 0 0 0 

SUCCI-01 LB/HR 0 0 0 0 0 0 0 

FORMI-01 LB/HR 0 0 0 0 0 0 0 
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  Units 100 101 102 103 104 105 106 

ETHAN-01 LB/HR 0 0 0 0 0 0 0 

H2O LB/HR 0 0 0 0 0 0 195.7307 

CO2 LB/HR 0 0 0 0 0 0 0 

DIPOT-01 LB/HR 0 2384.772 2384.772 2384.772 2384.772 0 0 

BIOMASS LB/HR 0 0 0 0 0 3225.175 0 

H2 LB/HR 0 0 0 0 0 0 0 

ISOBU-01 LB/HR 0 0 0 0 0 0 0 

1:3-D-01 LB/HR 0 0 0 0 0 0 0 

PROP LB/HR 0 0 0 0 0 0 0 

POTAS-01 LB/HR 0 1874.331 1874.331 1874.331 1874.331 0 0 

AMMON-01 LB/HR 0 1250.188 1250.188 1250.188 1250.188 0 0 

MGSO4-01 LB/HR 0 250.0693 250.0693 250.0693 250.0693 0 0 

CACL2-01 LB/HR 0 62.48651 62.48651 62.48651 62.48651 0 0 

COCL2-01 LB/HR 0 2.499574 2.499574 2.499574 2.499574 0 0 

Component Mass Fraction                 

GLYCE-01   1 0 0.6821525 0.6821525 0.6821525 0 0 

1,3PDO   0 0 0 0 0 0 0 

ACETI-01   0 0 0 0 0 0 0 
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  Units 100 101 102 103 104 105 106 

LACTI-01   0 0 0 0 0 0 0 

SUCCI-01   0 0 0 0 0 0 0 

FORMI-01   0 0 0 0 0 0 0 

ETHAN-01   0 0 0 0 0 0 0 

H2O   0 0 0 0 0 0 1 

CO2   0 0 0 0 0 0 0 

DIPOT-01   0 0.4094488 0.1301423 0.1301423 0.1301423 0 0 

BIOMASS   0 0 0 0 0 1 0 

H2   0 0 0 0 0 0 0 

ISOBU-01   0 0 0 0 0 0 0 

1:3-D-01   0 0 0 0 0 0 0 

PROP   0 0 0 0 0 0 0 

POTAS-01   0 0.3218097 0.1022864 0.1022864 0.1022864 0 0 

AMMON-01   0 0.2146487 0.0682255 0.0682255 0.0682255 0 0 

MGSO4-01   0 0.0429351 0.0136468 0.0136468 0.0136468 0 0 

CACL2-01   0 0.0107285 0.00341003 0.00341003 0.00341003 0 0 

COCL2-01   0 0.00042916 0.000136407 0.000136407 0.000136407 0 0 

Mole Flow LBMOL/HR 135.7298 38.3761 174.1059 174.1059 174.1059 3.393774 10.8647 
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  Units 100 101 102 103 104 105 106 

Mass Flow LB/HR 12500 5824.347 18324.35 18324.35 18324.35 3225.175 195.7307 

Volume Flow CUFT/HR 157.1805 99.71323 252.9054 270.3104 254.7204 8.854276 3.142531 

Temperature F 75 75 75.00003 249.8 95 95 70 

Pressure PSIA 24.7 24.7 24.7 19.7 14.7 14.7 14.7 

Vapor Fraction   0 0 0 0 0 0 0 

Liquid Fraction   1 1 1 1 1 0 1 

Solid Fraction   0 0 0 0 0 1 0 

Molar Enthalpy BTU/LBMOL -287030 -373930 -306180 -297590 -305250 1388.078 -123000 

Mass Enthalpy BTU/LB -3116.65 -2463.805 -2909.145 -2827.473 -2900.326 1.460641 -6827.306 

Enthalpy Flow BTU/HR -38958000 -14350000 -53308000 -51812000 -53147000 4710.823 -1336300 

Molar Entropy BTU/LBMOL-R -146.2184 254.1855 -56.91472 -41.80913 -55.02019 2.543605 -39.19646 

Mass Entropy BTU/LB-R -1.587696 1.674806 -0.5407663 -0.3972429 -0.5227657 0.00267658 -2.175734 

Molar Density LBMOL/CUFT 0.8635284 0.3848647 0.6884232 0.6440962 0.6835178 0.3832921 3.45731 

Mass Density LB/CUFT 79.52641 58.41098 72.45535 67.79001 71.93907 364.2506 62.28441 

Average Molecular Weight   92.09472 151.7702 105.2483 105.2483 105.2483 950.321 18.01528 
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Table 4.2:  Stream tables for streams 107 to 108 and 200 to 204 

  Units 107 108 200 201 202 203 204 

From   M101 R100 F200 F200 C200 C200 P200 

To   R100 F200   C200   P200 T200 

Substream: MIXED                 

Phase:   Liquid Mixed Vapor All Solid Liquid Liquid 

Component Mole Flow                 

GLYCE-01 LBMOL/HR 0 0 0 0 0 0 0 

1,3PDO LBMOL/HR 0 83.81317 5.30E-06 83.81316 0 83.81316 83.81316 

ACETI-01 LBMOL/HR 0.643506 29.01104 0.00144789 29.00959 0 29.00959 29.00959 

LACTI-01 LBMOL/HR 27.06984 32.22757 6.68E-07 32.22757 0 32.22757 32.22757 

SUCCI-01 LBMOL/HR 0.1155925 2.694459 7.75E-11 2.694459 0 2.694459 2.694459 

FORMI-01 LBMOL/HR 0.1996595 25.98833 0.000859065 25.98747 0 25.98747 25.98747 

ETHAN-01 LBMOL/HR 0.0067518 3.875052 0.0013059 3.873746 0 3.873746 3.873746 

H2O LBMOL/HR 34626.01 34668.56 1.030485 34667.53 0 34667.53 34667.53 

CO2 LBMOL/HR 0 19.3415 0.2515599 19.08994 0 19.08994 19.08994 

DIPOT-01 LBMOL/HR 0 0 0 0 0 0 0 

BIOMASS LBMOL/HR 0 10.18027 0 10.18027 10.18027 0 0 

H2 LBMOL/HR 0 20.63093 17.37024 3.260693 0 3.260693 3.260693 
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  Units 107 108 200 201 202 203 204 

ISOBU-01 LBMOL/HR 0.00275247 0.00275247 3.63E-05 0.00271618 0 0.00271618 0.00271618 

1:3-D-01 LBMOL/HR 1.19E-06 1.19E-06 7.87E-12 1.19E-06 0 1.19E-06 1.19E-06 

PROP LBMOL/HR 0 0 0 0 0 0 0 

POTAS-01 LBMOL/HR 0 0 0 0 0 0 0 

AMMON-01 LBMOL/HR 0 0 0 0 0 0 0 

MGSO4-01 LBMOL/HR 0 0 0 0 0 0 0 

CACL2-01 LBMOL/HR 0 0 0 0 0 0 0 

COCL2-01 LBMOL/HR 0 0 0 0 0 0 0 

Component Mole Fraction                 

GLYCE-01   0 0 0 0 0 0 0 

1,3PDO   0 0.00240178 2.84E-07 0.00240306 0 0.00240376 0.00240376 

ACETI-01   1.86E-05 0.000831349 7.76E-05 0.000831753 0 0.000831995 0.000831995 

LACTI-01   0.000781145 0.000923523 3.58E-08 0.000924017 0 0.000924287 0.000924287 

SUCCI-01   3.34E-06 7.72E-05 4.16E-12 7.73E-05 0 7.73E-05 7.73E-05 

FORMI-01   5.76E-06 0.00074473 4.60E-05 0.000745103 0 0.000745321 0.000745321 

ETHAN-01   1.95E-07 0.000111045 7.00E-05 0.000111067 0 0.000111099 0.000111099 

H2O   0.9991909 0.9934731 0.0552363 0.993975 0 0.9942652 0.9942652 

CO2   0 0.000554256 0.0134841 0.00054734 0 0.0005475 0.0005475 
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  Units 107 108 200 201 202 203 204 

DIPOT-01   0 0 0 0 0 0 0 

BIOMASS   0 0.000291729 0 0.000291885 1 0 0 

H2   0 0.000591206 0.9310836 9.35E-05 0 9.35E-05 9.35E-05 

ISOBU-01   7.94E-08 7.89E-08 1.94E-06 7.79E-08 0 7.79E-08 7.79E-08 

1:3-D-01   3.42E-11 3.40E-11 4.22E-13 3.40E-11 0 3.40E-11 3.40E-11 

PROP   0 0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 0 

Component Mass Flow                 

GLYCE-01 LB/HR 0 0 0 0 0 0 0 

1,3PDO LB/HR 0 6377.79 0.0004035 6377.789 0 6377.789 6377.789 

ACETI-01 LB/HR 38.64418 1742.187 0.0869497 1742.1 0 1742.1 1742.1 

LACTI-01 LB/HR 2438.42 2903.022 6.02E-05 2903.022 0 2903.022 2903.022 

SUCCI-01 LB/HR 13.65023 318.1866 9.16E-09 318.1866 0 318.1866 318.1866 

FORMI-01 LB/HR 9.189464 1196.13 0.039539 1196.091 0 1196.091 1196.091 
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  Units 107 108 200 201 202 203 204 

ETHAN-01 LB/HR 0.3110491 178.5199 0.0601617 178.4598 0 178.4598 178.4598 

H2O LB/HR 623797 624564 18.56448 624545 0 624545 624545 

CO2 LB/HR 0 851.2155 11.0711 840.1444 0 840.1444 840.1444 

DIPOT-01 LB/HR 0 0 0 0 0 0 0 

BIOMASS LB/HR 0 9674.52 0 9674.52 9674.52 0 0 

H2 LB/HR 0 41.58949 35.01632 6.573167 0 6.573167 6.573167 

ISOBU-01 LB/HR 0.1984719 0.1984719 0.00261639 0.1958555 0 0.1958555 0.1958555 

1:3-D-01 LB/HR 0.000154432 0.000154432 1.02E-09 0.000154431 0 0.000154431 0.000154431 

PROP LB/HR 0 0 0 0 0 0 0 

POTAS-01 LB/HR 0 0 0 0 0 0 0 

AMMON-01 LB/HR 0 0 0 0 0 0 0 

MGSO4-01 LB/HR 0 0 0 0 0 0 0 

CACL2-01 LB/HR 0 0 0 0 0 0 0 

COCL2-01 LB/HR 0 0 0 0 0 0 0 

Component Mass Fraction                 

GLYCE-01   0 0 0 0 0 0 0 

1,3PDO   0 0.00984459 6.22E-06 0.00984557 0 0.00999485 0.00999485 

ACETI-01   6.17E-05 0.00268919 0.00134096 0.00268933 0 0.0027301 0.0027301 
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  Units 107 108 200 201 202 203 204 

LACTI-01   0.00389339 0.00448103 9.28E-07 0.00448148 0 0.00454942 0.00454942 

SUCCI-01   2.18E-05 0.000491145 1.41E-10 0.000491194 0 0.000498641 0.000498641 

FORMI-01   1.47E-05 0.00184632 0.000609779 0.00184644 0 0.00187443 0.00187443 

ETHAN-01   4.97E-07 0.000275559 0.000927826 0.000275493 0 0.00027967 0.00027967 

H2O   0.9960076 0.9640604 0.286305 0.9641283 0 0.9787457 0.9787457 

CO2   0 0.00131391 0.1707406 0.00129696 0 0.00131662 0.00131662 

DIPOT-01   0 0 0 0 0 0 0 

BIOMASS   0 0.0149333 0 0.0149348 1 0 0 

H2   0 6.42E-05 0.5400283 1.01E-05 0 1.03E-05 1.03E-05 

ISOBU-01   3.17E-07 3.06E-07 4.04E-05 3.02E-07 0 3.07E-07 3.07E-07 

1:3-D-01   2.47E-10 2.38E-10 1.58E-11 2.38E-10 0 2.42E-10 2.42E-10 

PROP   0 0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 0 

Mole Flow LBMOL/HR 34654.05 34896.33 18.65594 34877.67 10.18027 34867.49 34867.49 
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  Units 107 108 200 201 202 203 204 

Mass Flow LB/HR 626298 647847 64.84163 647782 9674.52 638108 638108 

Volume Flow CUFT/HR 10185.73 17935.77 7554.246 10381.55 26.56007 10354.99 10355.55 

Temperature F 94.99223 95 95 95 95 95 95.09751 

Pressure PSIA 14.7 14.7 14.7 14.7 14.7 14.7 40 

Vapor Fraction   0 0.000534608 1 0 0 0 0 

Liquid Fraction   1 0.9991737 0 0.9997081 0 1 1 

Solid Fraction   0 0.000291729 0 0.000291885 1 0 0 

Molar Enthalpy BTU/LBMOL -122690 -122960 -7927.501 -123030 1388.078 -123060 -123060 

Mass Enthalpy BTU/LB -6788.574 -6623.508 -2280.865 -6623.942 1.460641 -6724.392 -6724.296 

Enthalpy Flow BTU/HR -

4251700000 

-

4291000000 

-147900 -

4290900000 

14131 -

4290900000 

-

4290800000 

Molar Entropy BTU/LBMOL-R -38.43945 -38.60254 0.2128605 -38.62331 2.543605 -38.63533 -38.63216 

Mass Entropy BTU/LB-R -2.126916 -2.079328 0.0612432 -2.079543 0.00267658 -2.111112 -2.110939 

Molar Density LBMOL/CUFT 3.402215 1.945628 0.0024696 3.359581 0.3832921 3.367215 3.367034 

Mass Density LB/CUFT 61.48775 36.12041 0.00858347 62.39744 364.2506 61.6232 61.61988 

Average Molecular Weight   18.07286 18.56491 3.475656 18.57298 950.321 18.30094 18.30094 
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Table 4.3:  Stream tables for streams 205 to 209 and 300 to 301 

  Units 205 206 207 208 209 300 301 

From   T200 T200 H201 F201 F201   M300 

To   H201 R300 F201     M300 R300 

Substream: MIXED                 

Phase:   Vapor Liquid Mixed Vapor Liquid Liquid Liquid 

Component Mole Flow                 

GLYCE-01 LBMOL/HR 0 0 0 0 0 0 0 

1,3PDO LBMOL/HR 1.41E-53 83.81316 1.41E-53 0 0 0 0 

ACETI-01 LBMOL/HR 3.68E-16 29.00959 3.68E-16 0 0 0 0 

LACTI-01 LBMOL/HR 2.69E-60 32.22757 2.69E-60 0 0 0 0 

SUCCI-01 LBMOL/HR 1.88E-116 2.694459 1.88E-116 0 0 0 0 

FORMI-01 LBMOL/HR 1.60E-06 25.98747 1.60E-06 7.14E-07 8.89E-07 0 5.79E-07 

ETHAN-01 LBMOL/HR 3.866002 0.00774391 3.866002 1.7992 2.066801 0 0.0524083 

H2O LBMOL/HR 0.4362379 34667.1 0.4362379 0.167024 0.2692139 0 0.4391823 

CO2 LBMOL/HR 19.08994 5.41E-53 19.08994 18.96809 0.1218503 0 0 

DIPOT-01 LBMOL/HR 0 0 0 0 0 0 0 

BIOMASS LBMOL/HR 0 0 0 0 0 0 0 

H2 LBMOL/HR 3.260693 4.05E-59 3.260693 3.185213 0.0754804 0 0 
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  Units 205 206 207 208 209 300 301 

ISOBU-01 LBMOL/HR 0.00271618 2.59E-34 0.00271618 0.00161928 0.00109691 4.422079 442.2453 

1:3-D-01 LBMOL/HR 1.37E-30 1.19E-06 1.37E-30 0 0 0 0 

PROP LBMOL/HR 0 0 0 0 0 0 0 

POTAS-01 LBMOL/HR 0 0 0 0 0 0 0 

AMMON-01 LBMOL/HR 0 0 0 0 0 0 0 

MGSO4-01 LBMOL/HR 0 0 0 0 0 0 0 

CACL2-01 LBMOL/HR 0 0 0 0 0 0 0 

COCL2-01 LBMOL/HR 0 0 0 0 0 0 0 

Component Mole Fraction                 

GLYCE-01   0 0 0 0 0 0 0 

1,3PDO   5.31E-55 0.0024056 5.31E-55 0 0 0 0 

ACETI-01   1.38E-17 0.000832632 1.38E-17 0 0 0 0 

LACTI-01   1.01E-61 0.000924994 1.01E-61 0 0 0 0 

SUCCI-01   7.07E-118 7.73E-05 7.07E-118 0 0 0 0 

FORMI-01   6.01E-08 0.000745891 6.01E-08 2.96E-08 3.51E-07 0 1.31E-09 

ETHAN-01   0.1450353 2.22E-07 0.1450353 0.0745901 0.8154852 0 0.000118374 

H2O   0.0163657 0.9950133 0.0163657 0.00692438 0.1062221 0 0.000991971 

CO2   0.7161702 1.55E-57 0.7161702 0.7863676 0.0480777 0 0 
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  Units 205 206 207 208 209 300 301 

DIPOT-01   0 0 0 0 0 0 0 

BIOMASS   0 0 0 0 0 0 0 

H2   0.1223268 1.16E-63 0.1223268 0.1320506 0.0297818 0 0 

ISOBU-01   0.000101899 7.44E-39 0.000101899 6.71E-05 0.000432799 1 0.9988897 

1:3-D-01   5.14E-32 3.40E-11 5.14E-32 0 0 0 0 

PROP   0 0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 0 

Component Mass Flow                 

GLYCE-01 LB/HR 0 0 0 0 0 0 0 

1,3PDO LB/HR 1.08E-51 6377.789 1.08E-51 0 0 0 0 

ACETI-01 LB/HR 2.21E-14 1742.1 2.21E-14 0 0 0 0 

LACTI-01 LB/HR 2.42E-58 2903.022 2.42E-58 0 0 0 0 

SUCCI-01 LB/HR 2.23E-114 318.1866 2.23E-114 0 0 0 0 

FORMI-01 LB/HR 7.38E-05 1196.091 7.38E-05 3.29E-05 4.09E-05 0 2.66E-05 
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  Units 205 206 207 208 209 300 301 

ETHAN-01 LB/HR 178.103 0.3567546 178.103 82.88744 95.21556 0 2.414401 

H2O LB/HR 7.858947 624538 7.858947 3.008984 4.849964 0 7.911992 

CO2 LB/HR 840.1444 2.38E-51 840.1444 834.7818 5.362608 0 0 

DIPOT-01 LB/HR 0 0 0 0 0 0 0 

BIOMASS LB/HR 0 0 0 0 0 0 0 

H2 LB/HR 6.573167 8.17E-59 6.573167 6.421007 0.1521594 0 0 

ISOBU-01 LB/HR 0.1958555 1.87E-32 0.1958555 0.116761 0.0790945 318.8625 31888.94 

1:3-D-01 LB/HR 1.78E-28 0.000154431 1.78E-28 0 0 0 0 

PROP LB/HR 0 0 0 0 0 0 0 

POTAS-01 LB/HR 0 0 0 0 0 0 0 

AMMON-01 LB/HR 0 0 0 0 0 0 0 

MGSO4-01 LB/HR 0 0 0 0 0 0 0 

CACL2-01 LB/HR 0 0 0 0 0 0 0 

COCL2-01 LB/HR 0 0 0 0 0 0 0 

Component Mass Fraction                 

GLYCE-01   0 0 0 0 0 0 0 

1,3PDO   1.04E-54 0.010011 1.04E-54 0 0 0 0 

ACETI-01   2.14E-17 0.00273453 2.14E-17 0 0 0 0 
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  Units 205 206 207 208 209 300 301 

LACTI-01   2.34E-61 0.0045568 2.34E-61 0 0 0 0 

SUCCI-01   2.15E-117 0.000499449 2.15E-117 0 0 0 0 

FORMI-01   7.14E-08 0.00187747 7.14E-08 3.54E-08 3.87E-07 0 8.35E-10 

ETHAN-01   0.1724341 5.60E-07 0.1724341 0.0893938 0.9011554 0 7.57E-05 

H2O   0.0076088 0.9803201 0.0076088 0.00324518 0.0459018 0 0.000248031 

CO2   0.8134034 3.74E-57 0.8134034 0.9003099 0.0507537 0 0 

DIPOT-01   0 0 0 0 0 0 0 

BIOMASS   0 0 0 0 0 0 0 

H2   0.00636395 1.28E-64 0.00636395 0.00692504 0.00144009 0 0 

ISOBU-01   0.000189622 2.93E-38 0.000189622 0.000125926 0.00074858 1 0.9996763 

1:3-D-01   1.73E-31 2.42E-10 1.73E-31 0 0 0 0 

PROP   0 0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 0 

Mole Flow LBMOL/HR 26.65559 34840.84 26.65559 24.12115 2.534444 4.422079 442.7368 



P a g e  | 64 

 

  Units 205 206 207 208 209 300 301 

Mass Flow LB/HR 1032.875 637075 1032.875 927.216 105.6594 318.8625 31899.27 

Volume Flow CUFT/HR 6653.834 11423.66 7071.803 9538.225 2.156891 6.382919 638.4787 

Temperature F 121.8532 257.5031 90 81.99445 81.99445 50 50 

Pressure PSIA 25 33.8 20 14.7 14.7 35 15 

Vapor Fraction   1 0 0.899232 1 0 0 0 

Liquid Fraction   0 1 0.100768 0 1 1 1 

Solid Fraction   0 0 0 0 0 0 0 

Molar Enthalpy BTU/LBMOL -137080 -119920 -139210 -141250 -119750 -108350 -108360 

Mass Enthalpy BTU/LB -3537.727 -6558.218 -3592.548 -3674.603 -2872.47 -1502.613 -1503.985 

Enthalpy Flow BTU/HR -3654000 -

4178100000 

-3710700 -3407200 -303500 -479130 -47976000 

Molar Entropy BTU/LBMOL-R -6.077522 -33.79254 -9.40394 -2.101808 -73.08826 -101.5546 -101.474 

Mass Entropy BTU/LB-R -0.1568436 -1.848072 -0.2426891 -0.0546776 -1.753162 -1.40839 -1.40838 

Molar Density LBMOL/CUFT 0.00400605 3.049883 0.00376928 0.00252889 1.175045 0.6927988 0.6934246 

Mass Density LB/CUFT 0.1552301 55.76801 0.1460555 0.0972105 48.98691 49.95559 49.96137 

Average Molecular Weight   38.74892 18.2853 38.74892 38.43997 41.68939 72.10692 72.05018 
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Table 4.4:  Stream tables for streams 302 to 307 

  Units 302 303 304 305 306 307 

From   R300 P300 H300 D300 D300 M301 

To   P300 H300 D300 M301 R301 M303 

Substream: MIXED               

Phase:   Liquid Liquid Liquid Liquid Liquid Liquid 

Component Mole Flow               

GLYCE-01 LBMOL/HR 0 0 0 0 0 0 

1,3PDO LBMOL/HR 0 0 0 0 0 0 

ACETI-01 LBMOL/HR 29.00959 29.00959 29.00959 0.6466532 28.36296 0.6444762 

LACTI-01 LBMOL/HR 32.22757 32.22757 32.22757 27.20339 5.024185 27.11181 

SUCCI-01 LBMOL/HR 2.694459 2.694459 2.694459 0.1161575 2.578304 0.1157665 

FORMI-01 LBMOL/HR 25.98747 25.98747 25.98747 0.2006361 25.78685 0.1999606 

ETHAN-01 LBMOL/HR 0.0601522 0.0601522 0.0601522 0.00677394 0.0533783 0.00675113 

H2O LBMOL/HR 34751.35 34751.35 34751.35 34730.12 21.2334 34613.2 

CO2 LBMOL/HR 0 0 0 0 0 0 

DIPOT-01 LBMOL/HR 0 0 0 0 0 0 

BIOMASS LBMOL/HR 0 0 0 0 0 0 

H2 LBMOL/HR 0 0 0 0 0 0 
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  Units 302 303 304 305 306 307 

ISOBU-01 LBMOL/HR 358.4321 358.4321 358.4321 0.00276543 358.4296 0.00275612 

1:3-D-01 LBMOL/HR 83.81316 83.81316 83.81316 1.19E-06 83.81322 1.19E-06 

PROP LBMOL/HR 0 0 0 0 0 0 

POTAS-01 LBMOL/HR 0 0 0 0 0 0 

AMMON-01 LBMOL/HR 0 0 0 0 0 0 

MGSO4-01 LBMOL/HR 0 0 0 0 0 0 

CACL2-01 LBMOL/HR 0 0 0 0 0 0 

COCL2-01 LBMOL/HR 0 0 0 0 0 0 

Component Mole Fraction               

GLYCE-01   0 0 0 0 0 0 

1,3PDO   0 0 0 0 0 0 

ACETI-01   0.000822184 0.000822184 0.000822184 1.86E-05 0.0539956 1.86E-05 

LACTI-01   0.000913387 0.000913387 0.000913387 0.000782645 0.00956474 0.000782645 

SUCCI-01   7.64E-05 7.64E-05 7.64E-05 3.34E-06 0.00490842 3.34E-06 

FORMI-01   0.000736532 0.000736532 0.000736532 5.77E-06 0.0490914 5.77E-06 

ETHAN-01   1.70E-06 1.70E-06 1.70E-06 1.95E-07 0.000101618 1.95E-07 

H2O   0.9849158 0.9849158 0.9849158 0.9991894 0.0404228 0.9991894 

CO2   0 0 0 0 0 0 
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  Units 302 303 304 305 306 307 

DIPOT-01   0 0 0 0 0 0 

BIOMASS   0 0 0 0 0 0 

H2   0 0 0 0 0 0 

ISOBU-01   0.0101586 0.0101586 0.0101586 7.96E-08 0.6823567 7.96E-08 

1:3-D-01   0.00237542 0.00237542 0.00237542 3.43E-11 0.1595586 3.43E-11 

PROP   0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 

Component Mass Flow               

GLYCE-01 LB/HR 0 0 0 0 0 0 

1,3PDO LB/HR 0 0 0 0 0 0 

ACETI-01 LB/HR 1742.1 1742.1 1742.1 38.83318 1703.268 38.70245 

LACTI-01 LB/HR 2903.022 2903.022 2903.022 2450.45 452.5728 2442.2 

SUCCI-01 LB/HR 318.1866 318.1866 318.1866 13.71695 304.4699 13.67078 

FORMI-01 LB/HR 1196.091 1196.091 1196.091 9.234411 1186.857 9.203323 
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  Units 302 303 304 305 306 307 

ETHAN-01 LB/HR 2.771155 2.771155 2.771155 0.3120688 2.459089 0.3110182 

H2O LB/HR 626055 626055 626055 625673 382.5256 623566 

CO2 LB/HR 0 0 0 0 0 0 

DIPOT-01 LB/HR 0 0 0 0 0 0 

BIOMASS LB/HR 0 0 0 0 0 0 

H2 LB/HR 0 0 0 0 0 0 

ISOBU-01 LB/HR 25845.43 25845.43 25845.43 0.1994067 25845.25 0.1987354 

1:3-D-01 LB/HR 10911.38 10911.38 10911.38 0.000155188 10911.39 0.000154665 

PROP LB/HR 0 0 0 0 0 0 

POTAS-01 LB/HR 0 0 0 0 0 0 

AMMON-01 LB/HR 0 0 0 0 0 0 

MGSO4-01 LB/HR 0 0 0 0 0 0 

CACL2-01 LB/HR 0 0 0 0 0 0 

COCL2-01 LB/HR 0 0 0 0 0 0 

Component Mass Fraction               

GLYCE-01   0 0 0 0 0 0 

1,3PDO   0 0 0 0 0 0 

ACETI-01   0.00260414 0.00260414 0.00260414 6.18E-05 0.0417582 6.18E-05 



P a g e  | 69 

 

  Units 302 303 304 305 306 307 

LACTI-01   0.00433951 0.00433951 0.00433951 0.00390084 0.0110955 0.00390084 

SUCCI-01   0.000475634 0.000475634 0.000475634 2.18E-05 0.00746455 2.18E-05 

FORMI-01   0.00178795 0.00178795 0.00178795 1.47E-05 0.0290976 1.47E-05 

ETHAN-01   4.14E-06 4.14E-06 4.14E-06 4.97E-07 6.03E-05 4.97E-07 

H2O   0.9358436 0.9358436 0.9358436 0.996 0.0093782 0.996 

CO2   0 0 0 0 0 0 

DIPOT-01   0 0 0 0 0 0 

BIOMASS   0 0 0 0 0 0 

H2   0 0 0 0 0 0 

ISOBU-01   0.0386344 0.0386344 0.0386344 3.17E-07 0.6336361 3.17E-07 

1:3-D-01   0.0163106 0.0163106 0.0163106 2.47E-10 0.2675095 2.47E-10 

PROP   0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 

Mole Flow LBMOL/HR 35283.57 35283.57 35283.57 34758.29 525.2819 34641.28 
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  Units 302 303 304 305 306 307 

Mass Flow LB/HR 668974 668974 668974 628186 40788.8 626071 

Volume Flow CUFT/HR 10694.43 10695 10608.35 10125.37 732.8975 9846.359 

Temperature F 50 50.09878 35 78.58749 78.58749 31.94234 

Pressure PSIA 15 40 35 35 35 35 

Vapor Fraction   0 0 0 0 0 0 

Liquid Fraction   1 1 1 1 1 1 

Solid Fraction   0 0 0 0 0 0 

Molar Enthalpy BTU/LBMOL -123590 -123590 -123860 -123800 -127800 -123800 

Mass Enthalpy BTU/LB -6518.724 -6518.631 -6532.881 -6850.203 -1645.777 -6850.203 

Enthalpy Flow BTU/HR -4360900000 -4360800000 -4370300000 -4303200000 -67129000 -4288700000 

Molar Entropy BTU/LBMOL-R -40.96997 -40.96652 -41.49987 -40.1136 -108.4711 -40.55944 

Mass Entropy BTU/LB-R -2.160871 -2.160689 -2.188819 -2.219536 -1.3969 -2.244205 

Molar Density LBMOL/CUFT 3.299249 3.299072 3.326019 3.432792 0.7167194 3.518182 

Mass Density LB/CUFT 62.55355 62.55019 63.06111 62.04074 55.65416 63.58399 

Average Molecular Weight   18.95994 18.95994 18.95994 18.07297 77.65125 18.07297 
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Table 4.5:  Stream tables for streams 308 to 314 

  Units 308 309 310 311 312 313 314 

From   M301 R301 P301 T300 T300 H301 D301 

To   R301 P301 T300 H301 T303 D301 M304 

Substream: MIXED                 

Phase:   Liquid Liquid Liquid Liquid Liquid Liquid Liquid 

Component Mole Flow                 

GLYCE-01 LBMOL/HR 0 0 0 0 0 0 0 

1,3PDO LBMOL/HR 0 83.81322 83.81322 3.51E-40 83.81322 3.51E-40 0 

ACETI-01 LBMOL/HR 0.00217696 28.36514 28.36514 3.10E-19 28.36514 3.10E-19 0 

LACTI-01 LBMOL/HR 0.0915801 5.115765 5.115765 2.29E-51 5.115765 2.29E-51 0 

SUCCI-01 LBMOL/HR 0.000391044 2.578695 2.578695 1.18E-109 2.578695 1.18E-109 0 

FORMI-01 LBMOL/HR 0.000675441 25.78752 25.78752 5.79E-07 25.78752 5.79E-07 1.56E-12 

ETHAN-01 LBMOL/HR 2.28E-05 0.0534011 0.0534011 0.0524165 0.000984622 0.0524165 5.19E-06 

H2O LBMOL/HR 116.9188 54.339 54.339 54.31321 0.025794 54.31321 46.26666 

CO2 LBMOL/HR 0 0 0 0 0 0 0 

DIPOT-01 LBMOL/HR 0 0 0 0 0 0 0 

BIOMASS LBMOL/HR 0 0 0 0 0 0 0 

H2 LBMOL/HR 0 0 0 0 0 0 0 
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  Units 308 309 310 311 312 313 314 

ISOBU-01 LBMOL/HR 9.31E-06 442.2428 442.2428 437.8204 4.422428 437.8204 3.60E-07 

1:3-D-01 LBMOL/HR 4.01E-09 0 0 0 0 0 0 

PROP LBMOL/HR 0 0 0 0 0 0 0 

POTAS-01 LBMOL/HR 0 0 0 0 0 0 0 

AMMON-01 LBMOL/HR 0 0 0 0 0 0 0 

MGSO4-01 LBMOL/HR 0 0 0 0 0 0 0 

CACL2-01 LBMOL/HR 0 0 0 0 0 0 0 

COCL2-01 LBMOL/HR 0 0 0 0 0 0 0 

Component Mole Fraction                 

GLYCE-01   0 0 0 0 0 0 0 

1,3PDO   0 0.1304901 0.1304901 7.13E-43 0.558347 7.13E-43 0 

ACETI-01   1.86E-05 0.0441621 0.0441621 6.30E-22 0.1889629 6.30E-22 0 

LACTI-01   0.000782645 0.00796482 0.00796482 4.65E-54 0.0340802 4.65E-54 0 

SUCCI-01   3.34E-06 0.00401481 0.00401481 2.40E-112 0.0171787 2.40E-112 0 

FORMI-01   5.77E-06 0.040149 0.040149 1.18E-09 0.1717914 1.18E-09 3.37E-14 

ETHAN-01   1.95E-07 8.31E-05 8.31E-05 0.000106497 6.56E-06 0.000106497 1.12E-07 

H2O   0.9991894 0.0846012 0.0846012 0.110351 0.000171835 0.110351 0.9999999 

CO2   0 0 0 0 0 0 0 
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  Units 308 309 310 311 312 313 314 

DIPOT-01   0 0 0 0 0 0 0 

BIOMASS   0 0 0 0 0 0 0 

H2   0 0 0 0 0 0 0 

ISOBU-01   7.96E-08 0.6885348 0.6885348 0.8895425 0.0294613 0.8895425 7.78E-09 

1:3-D-01   3.43E-11 0 0 0 0 0 0 

PROP   0 0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 0 

Component Mass Flow                 

GLYCE-01 LB/HR 0 0 0 0 0 0 0 

1,3PDO LB/HR 0 6377.794 6377.794 2.67E-38 6377.794 2.67E-38 0 

ACETI-01 LB/HR 0.1307318 1703.399 1703.399 1.86E-17 1703.399 1.86E-17 0 

LACTI-01 LB/HR 8.249431 460.8222 460.8222 2.06E-49 460.8222 2.06E-49 0 

SUCCI-01 LB/HR 0.046178 304.5161 304.5161 1.40E-107 304.5161 1.40E-107 0 

FORMI-01 LB/HR 0.0310876 1186.888 1186.888 2.66E-05 1186.888 2.66E-05 7.18E-11 
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  Units 308 309 310 311 312 313 314 

ETHAN-01 LB/HR 0.00105058 2.460139 2.460139 2.414778 0.0453606 2.414778 0.000239061 

H2O LB/HR 2106.325 978.9323 978.9323 978.4676 0.4646875 978.4676 833.5069 

CO2 LB/HR 0 0 0 0 0 0 0 

DIPOT-01 LB/HR 0 0 0 0 0 0 0 

BIOMASS LB/HR 0 0 0 0 0 0 0 

H2 LB/HR 0 0 0 0 0 0 0 

ISOBU-01 LB/HR 0.000671302 31888.77 31888.77 31569.88 318.8877 31569.88 2.59E-05 

1:3-D-01 LB/HR 5.22E-07 0 0 0 0 0 0 

PROP LB/HR 0 0 0 0 0 0 0 

POTAS-01 LB/HR 0 0 0 0 0 0 0 

AMMON-01 LB/HR 0 0 0 0 0 0 0 

MGSO4-01 LB/HR 0 0 0 0 0 0 0 

CACL2-01 LB/HR 0 0 0 0 0 0 0 

COCL2-01 LB/HR 0 0 0 0 0 0 0 

Component Mass Fraction                 

GLYCE-01   0 0 0 0 0 0 0 

1,3PDO   0 0.1486541 0.1486541 8.21E-43 0.6160443 8.21E-43 0 

ACETI-01   6.18E-05 0.0397029 0.0397029 5.72E-22 0.1645348 5.72E-22 0 
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  Units 308 309 310 311 312 313 314 

LACTI-01   0.00390084 0.0107408 0.0107408 6.33E-54 0.0445117 6.33E-54 0 

SUCCI-01   2.18E-05 0.00709769 0.00709769 4.29E-112 0.0294138 4.29E-112 0 

FORMI-01   1.47E-05 0.027664 0.027664 8.19E-10 0.114644 8.19E-10 8.61E-14 

ETHAN-01   4.97E-07 5.73E-05 5.73E-05 7.42E-05 4.38E-06 7.42E-05 2.87E-07 

H2O   0.996 0.022817 0.022817 0.0300597 4.49E-05 0.0300597 0.9999997 

CO2   0 0 0 0 0 0 0 

DIPOT-01   0 0 0 0 0 0 0 

BIOMASS   0 0 0 0 0 0 0 

H2   0 0 0 0 0 0 0 

ISOBU-01   3.17E-07 0.7432659 0.7432659 0.9698661 0.030802 0.9698661 3.11E-08 

1:3-D-01   2.47E-10 0 0 0 0 0 0 

PROP   0 0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 0 

Mole Flow LBMOL/HR 117.0137 642.2956 642.2956 492.186 150.1096 492.186 46.26667 
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  Units 308 309 310 311 312 313 314 

Mass Flow LB/HR 2114.785 42903.58 42903.58 32550.76 10352.82 32550.76 833.5072 

Volume Flow CUFT/HR 33.2597 796.4478 796.4802 713.5571 182.6007 636.1241 13.11934 

Temperature F 31.94234 50 50.05995 170.0581 350.7985 35 32.12207 

Pressure PSIA 35 35 40 25 33.8 20 20 

Vapor Fraction   0 0 0 0 0 0 0 

Liquid Fraction   1 1 1 1 1 1 1 

Solid Fraction   0 0 0 0 0 0 0 

Molar Enthalpy BTU/LBMOL -123800 -131690 -131690 -105360 -195600 -110320 -124580 

Mass Enthalpy BTU/LB -6850.203 -1971.451 -1971.419 -1593.042 -2836.062 -1668.046 -6915.31 

Enthalpy Flow BTU/HR -14487000 -84582000 -84581000 -51855000 -29361000 -54296000 -5764000 

Molar Entropy BTU/LBMOL-R -40.55944 -94.67189 -94.66777 -86.40044 -86.90434 -95.24413 -41.82272 

Mass Entropy BTU/LB-R -2.244205 -1.417302 -1.41724 -1.306424 -1.26006 -1.440145 -2.321513 

Molar Density LBMOL/CUFT 3.518182 0.8064503 0.8064175 0.689764 0.8220644 0.7737264 3.5266 

Mass Density LB/CUFT 63.58399 53.86867 53.86647 45.6176 56.69648 51.17046 63.5327 

Average Molecular Weight   18.07297 66.79725 66.79725 66.13508 68.96841 66.13508 18.01528 

 

  



P a g e  | 77 

 

Table 4.6:  Stream tables for streams 315 to 321 

  Units 315 316 317 318 319 320 321 

From   D301 P302 T301 T301 H302 D302 D302 

To   P302 T301 H302 M302 D302 M304 M302 

Substream: MIXED                 

Phase:   Liquid Liquid Liquid Liquid Liquid Liquid Liquid 

Component Mole Flow                 

GLYCE-01 LBMOL/HR 0 0 0 0 0 0 0 

1,3PDO LBMOL/HR 0 0 0 0 0 0 0 

ACETI-01 LBMOL/HR 0 0 0 0 0 0 0 

LACTI-01 LBMOL/HR 0 0 0 0 0 0 0 

SUCCI-01 LBMOL/HR 0 0 0 0 0 0 0 

FORMI-01 LBMOL/HR 5.79E-07 5.79E-07 8.03E-14 5.79E-07 8.03E-14 0 0 

ETHAN-01 LBMOL/HR 0.0524113 0.0524113 0.0105767 0.0418345 0.0105767 5.60E-06 0.0105711 

H2O LBMOL/HR 8.04655 8.04655 7.966085 0.0804654 7.966085 7.607361 0.3587237 

CO2 LBMOL/HR 0 0 0 0 0 0 0 

DIPOT-01 LBMOL/HR 0 0 0 0 0 0 0 

BIOMASS LBMOL/HR 0 0 0 0 0 0 0 

H2 LBMOL/HR 0 0 0 0 0 0 0 
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  Units 315 316 317 318 319 320 321 

ISOBU-01 LBMOL/HR 437.8204 437.8204 16.40152 421.4189 16.40152 1.18E-07 16.40152 

1:3-D-01 LBMOL/HR 0 0 0 0 0 0 0 

PROP LBMOL/HR 0 0 0 0 0 0 0 

POTAS-01 LBMOL/HR 0 0 0 0 0 0 0 

AMMON-01 LBMOL/HR 0 0 0 0 0 0 0 

MGSO4-01 LBMOL/HR 0 0 0 0 0 0 0 

CACL2-01 LBMOL/HR 0 0 0 0 0 0 0 

COCL2-01 LBMOL/HR 0 0 0 0 0 0 0 

Component Mole Fraction                 

GLYCE-01   0 0 0 0 0 0 0 

1,3PDO   0 0 0 0 0 0 0 

ACETI-01   0 0 0 0 0 0 0 

LACTI-01   0 0 0 0 0 0 0 

SUCCI-01   0 0 0 0 0 0 0 

FORMI-01   1.30E-09 1.30E-09 3.29E-15 1.37E-09 3.29E-15 0 0 

ETHAN-01   0.000117535 0.000117535 0.000433862 9.92E-05 0.000433862 7.37E-07 0.000630331 

H2O   0.0180448 0.0180448 0.326771 0.000190884 0.326771 0.9999992 0.0213897 

CO2   0 0 0 0 0 0 0 
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  Units 315 316 317 318 319 320 321 

DIPOT-01   0 0 0 0 0 0 0 

BIOMASS   0 0 0 0 0 0 0 

H2   0 0 0 0 0 0 0 

ISOBU-01   0.9818376 0.9818376 0.6727951 0.9997099 0.6727951 1.55E-08 0.9779799 

1:3-D-01   0 0 0 0 0 0 0 

PROP   0 0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 0 

Component Mass Flow                 

GLYCE-01 LB/HR 0 0 0 0 0 0 0 

1,3PDO LB/HR 0 0 0 0 0 0 0 

ACETI-01 LB/HR 0 0 0 0 0 0 0 

LACTI-01 LB/HR 0 0 0 0 0 0 0 

SUCCI-01 LB/HR 0 0 0 0 0 0 0 

FORMI-01 LB/HR 2.66E-05 2.66E-05 3.69E-12 2.66E-05 3.69E-12 0 0 
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  Units 315 316 317 318 319 320 321 

ETHAN-01 LB/HR 2.414539 2.414539 0.4872618 1.927278 0.4872618 0.00025818 0.4870036 

H2O LB/HR 144.9609 144.9609 143.5113 1.449607 143.5113 137.0487 6.462507 

CO2 LB/HR 0 0 0 0 0 0 0 

DIPOT-01 LB/HR 0 0 0 0 0 0 0 

BIOMASS LB/HR 0 0 0 0 0 0 0 

H2 LB/HR 0 0 0 0 0 0 0 

ISOBU-01 LB/HR 31569.88 31569.88 1182.663 30387.22 1182.663 8.49E-06 1182.663 

1:3-D-01 LB/HR 0 0 0 0 0 0 0 

PROP LB/HR 0 0 0 0 0 0 0 

POTAS-01 LB/HR 0 0 0 0 0 0 0 

AMMON-01 LB/HR 0 0 0 0 0 0 0 

MGSO4-01 LB/HR 0 0 0 0 0 0 0 

CACL2-01 LB/HR 0 0 0 0 0 0 0 

COCL2-01 LB/HR 0 0 0 0 0 0 0 

Component Mass Fraction                 

GLYCE-01   0 0 0 0 0 0 0 

1,3PDO   0 0 0 0 0 0 0 

ACETI-01   0 0 0 0 0 0 0 
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  Units 315 316 317 318 319 320 321 

LACTI-01   0 0 0 0 0 0 0 

SUCCI-01   0 0 0 0 0 0 0 

FORMI-01   8.40E-10 8.40E-10 2.78E-15 8.77E-10 2.78E-15 0 0 

ETHAN-01   7.61E-05 7.61E-05 0.000367284 6.34E-05 0.000367284 1.88E-06 0.00040938 

H2O   0.00457041 0.00457041 0.1081747 4.77E-05 0.1081747 0.9999981 0.00543245 

CO2   0 0 0 0 0 0 0 

DIPOT-01   0 0 0 0 0 0 0 

BIOMASS   0 0 0 0 0 0 0 

H2   0 0 0 0 0 0 0 

ISOBU-01   0.9953535 0.9953535 0.891458 0.9998889 0.891458 6.20E-08 0.9941582 

1:3-D-01   0 0 0 0 0 0 0 

PROP   0 0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 0 

Mole Flow LBMOL/HR 445.9194 445.9194 24.37819 421.5412 24.37819 7.607367 16.77082 
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  Units 315 316 317 318 319 320 321 

Mass Flow LB/HR 31717.26 31717.26 1326.662 30390.59 1326.662 137.049 1189.613 

Volume Flow CUFT/HR 625.158 630.3944 28.22633 689.7233 25.23494 2.169951 23.64 

Temperature F 32.12207 43.29011 167.4203 191.9723 35 43.58704 43.58704 

Pressure PSIA 20 40 25 31.8 20 20 20 

Vapor Fraction   0 0 0 0 0 0 0 

Liquid Fraction   1 1 1 1 1 1 1 

Solid Fraction   0 0 0 0 0 0 0 

Molar Enthalpy BTU/LBMOL -108830 -108820 -109000 -102800 -113420 -124360 -108480 

Mass Enthalpy BTU/LB -1530.094 -1529.948 -2002.863 -1425.858 -2084.247 -6902.874 -1529.254 

Enthalpy Flow BTU/HR -48530000 -48526000 -2657100 -43333000 -2765100 -946030 -1819200 

Molar Entropy BTU/LBMOL-R -100.9043 -100.754 -73.89337 -91.95281 -81.81581 -41.37265 -99.8494 

Mass Entropy BTU/LB-R -1.418634 -1.416522 -1.357834 -1.275457 -1.503413 -2.296529 -1.407648 

Molar Density LBMOL/CUFT 0.7132906 0.7073656 0.8636684 0.6111743 0.9660487 3.505779 0.7094254 

Mass Density LB/CUFT 50.73478 50.31335 47.00087 44.06201 52.57241 63.15766 50.32202 

Average Molecular Weight   71.12778 71.12778 54.42004 72.09401 54.42004 18.0153 70.9335 
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Table 4.7:  Stream tables for streams 322 to 327 

  Units 322 323 324 325 326 327 

From   M302 H303 M303 M303 M304 T303 

To   H303 M300   M304 H304   

Substream: MIXED               

Phase:   Mixed Liquid Liquid Liquid Liquid Liquid 

Component Mole Flow               

GLYCE-01 LBMOL/HR 0 0 0 0 0 0 

1,3PDO LBMOL/HR 0 0 0 0 0 3.61E-09 

ACETI-01 LBMOL/HR 0 0 0.000966714 0.6435095 0.6435095 0.0530986 

LACTI-01 LBMOL/HR 0 0 0.0406677 27.07114 27.07114 6.15E-12 

SUCCI-01 LBMOL/HR 0 0 0.00017365 0.1155928 0.1155928 5.19E-21 

FORMI-01 LBMOL/HR 5.79E-07 5.79E-07 0.000299941 0.1996607 0.1996607 1.839698 

ETHAN-01 LBMOL/HR 0.0524057 0.0524083 1.01E-05 0.00674101 0.0067518 0.000949624 

H2O LBMOL/HR 0.4391891 0.4391823 51.9198 34561.28 34615.15 0.00139039 

CO2 LBMOL/HR 0 0 0 0 0 0 

DIPOT-01 LBMOL/HR 0 0 0 0 0 0 

BIOMASS LBMOL/HR 0 0 0 0 0 0 

H2 LBMOL/HR 0 0 0 0 0 0 
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  Units 322 323 324 325 326 327 

ISOBU-01 LBMOL/HR 437.8204 437.8232 4.13E-06 0.00275199 0.00275246 4.421986 

1:3-D-01 LBMOL/HR 0 0 1.78E-09 1.19E-06 1.19E-06 0 

PROP LBMOL/HR 0 0 0 0 0 0 

POTAS-01 LBMOL/HR 0 0 0 0 0 0 

AMMON-01 LBMOL/HR 0 0 0 0 0 0 

MGSO4-01 LBMOL/HR 0 0 0 0 0 0 

CACL2-01 LBMOL/HR 0 0 0 0 0 0 

COCL2-01 LBMOL/HR 0 0 0 0 0 0 

Component Mole Fraction               

GLYCE-01   0 0 0 0 0 0 

1,3PDO   0 0 0 0 0 5.72E-10 

ACETI-01   0 0 1.86E-05 1.86E-05 1.86E-05 0.00840551 

LACTI-01   0 0 0.000782645 0.000782645 0.000781428 9.74E-13 

SUCCI-01   0 0 3.34E-06 3.34E-06 3.34E-06 8.21E-22 

FORMI-01   1.32E-09 1.32E-09 5.77E-06 5.77E-06 5.76E-06 0.2912241 

ETHAN-01   0.000119563 0.000119568 1.95E-07 1.95E-07 1.95E-07 0.000150325 

H2O   0.001002 0.00100198 0.9991894 0.9991894 0.9991906 0.000220099 

CO2   0 0 0 0 0 0 
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  Units 322 323 324 325 326 327 

DIPOT-01   0 0 0 0 0 0 

BIOMASS   0 0 0 0 0 0 

H2   0 0 0 0 0 0 

ISOBU-01   0.9988784 0.9988785 7.96E-08 7.96E-08 7.95E-08 0.7 

1:3-D-01   0 0 3.43E-11 3.43E-11 3.42E-11 0 

PROP   0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 

Component Mass Flow               

GLYCE-01 LB/HR 0 0 0 0 0 0 

1,3PDO LB/HR 0 0 0 0 0 2.75E-07 

ACETI-01 LB/HR 0 0 0.0580536 38.64439 38.64439 3.188709 

LACTI-01 LB/HR 0 0 3.6633 2438.537 2438.537 5.54E-10 

SUCCI-01 LB/HR 0 0 0.0205061 13.65027 13.65027 6.12E-19 

FORMI-01 LB/HR 2.66E-05 2.66E-05 0.0138049 9.189518 9.189518 84.67336 
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  Units 322 323 324 325 326 327 

ETHAN-01 LB/HR 2.414281 2.414401 0.000466527 0.3105517 0.311049 0.0437482 

H2O LB/HR 7.912115 7.911992 935.3497 622631 623602 0.0250483 

CO2 LB/HR 0 0 0 0 0 0 

DIPOT-01 LB/HR 0 0 0 0 0 0 

BIOMASS LB/HR 0 0 0 0 0 0 

H2 LB/HR 0 0 0 0 0 0 

ISOBU-01 LB/HR 31569.88 31570.08 0.000298103 0.1984373 0.1984717 318.8558 

1:3-D-01 LB/HR 0 0 2.32E-07 0.000154433 0.000154433 0 

PROP LB/HR 0 0 0 0 0 0 

POTAS-01 LB/HR 0 0 0 0 0 0 

AMMON-01 LB/HR 0 0 0 0 0 0 

MGSO4-01 LB/HR 0 0 0 0 0 0 

CACL2-01 LB/HR 0 0 0 0 0 0 

COCL2-01 LB/HR 0 0 0 0 0 0 

Component Mass Fraction               

GLYCE-01   0 0 0 0 0 0 

1,3PDO   0 0 0 0 0 6.76E-10 

ACETI-01   0 0 6.18E-05 6.18E-05 6.17E-05 0.00783878 
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  Units 322 323 324 325 326 327 

LACTI-01   0 0 0.00390084 0.00390084 0.00389479 1.36E-12 

SUCCI-01   0 0 2.18E-05 2.18E-05 2.18E-05 1.51E-21 

FORMI-01   8.44E-10 8.44E-10 1.47E-05 1.47E-05 1.47E-05 0.2081518 

ETHAN-01   7.64E-05 7.65E-05 4.97E-07 4.97E-07 4.97E-07 0.000107546 

H2O   0.00025054 0.000250535 0.996 0.996 0.9960062 6.16E-05 

CO2   0 0 0 0 0 0 

DIPOT-01   0 0 0 0 0 0 

BIOMASS   0 0 0 0 0 0 

H2   0 0 0 0 0 0 

ISOBU-01   0.999673 0.999673 3.17E-07 3.17E-07 3.17E-07 0.7838403 

1:3-D-01   0 0 2.47E-10 2.47E-10 2.47E-10 0 

PROP   0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 

Mole Flow LBMOL/HR 438.312 438.3148 51.96192 34589.32 34643.19 6.317123 
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  Units 322 323 324 325 326 327 

Mass Flow LB/HR 31580.21 31580.41 939.1061 625132 626102 406.7867 

Volume Flow CUFT/HR 8798.293 632.0958 14.76954 9831.589 9846.465 8.169849 

Temperature F 164.3586 50 31.94234 31.94234 31.86332 180.5666 

Pressure PSIA 20 15 35 35 20 25 

Vapor Fraction   0.0554626 0 0 0 0 0 

Liquid Fraction   0.9445373 1 1 1 1 1 

Solid Fraction   0 0 0 0 0 0 

Molar Enthalpy BTU/LBMOL -103010 -108360 -123800 -123800 -123800 -126690 

Mass Enthalpy BTU/LB -1429.753 -1503.999 -6850.203 -6850.203 -6850.302 -1967.345 

Enthalpy Flow BTU/HR -45152000 -47497000 -6433100 -4282300000 -4289000000 -800290 

Molar Entropy BTU/LBMOL-R -92.26552 -101.4732 -40.55944 -40.55944 -40.56211 -78.27526 

Mass Entropy BTU/LB-R -1.280583 -1.40838 -2.244205 -2.244205 -2.244364 -1.215562 

Molar Density LBMOL/CUFT 0.0498178 0.6934309 3.518182 3.518182 3.518338 0.773224 

Mass Density LB/CUFT 3.589356 49.96143 63.58399 63.58399 63.5865 49.79121 

Average Molecular Weight   72.04961 72.04961 18.07297 18.07297 18.07288 64.39429 
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Table 4.8:  Stream tables for streams 328 to 329 and 400 to 404 

  Units 328 329 400 401 402 403 404 

From   T303 H304 P400 T400 T400 T401 T401 

To   P400 M101 T400   T401   T402 

Substream: MIXED                 

Phase:   Liquid Liquid Liquid Liquid Liquid Liquid Liquid 

Component Mole Flow                 

GLYCE-01 LBMOL/HR 0 0 0 0 0 0 0 

1,3PDO LBMOL/HR 83.81322 0 83.81322 1.17E-42 83.81322 9.86E-35 83.81322 

ACETI-01 LBMOL/HR 28.31204 0.643506 28.31204 0.7066798 27.60536 27.60508 0.000276054 

LACTI-01 LBMOL/HR 5.115765 27.06984 5.115765 7.90E-51 5.115765 3.40E-40 5.115765 

SUCCI-01 LBMOL/HR 2.578695 0.1155925 2.578695 6.34E-101 2.578695 2.76E-87 2.578695 

FORMI-01 LBMOL/HR 23.94783 0.1996595 23.94783 23.94543 0.00239336 0.00239336 1.96E-11 

ETHAN-01 LBMOL/HR 3.50E-05 0.0067518 3.50E-05 3.50E-05 3.86E-15 0 0 

H2O LBMOL/HR 0.0244036 34615.15 0.0244036 0.0244036 2.81E-08 2.81E-08 3.51E-27 

CO2 LBMOL/HR 0 0 0 0 0 0 0 

DIPOT-01 LBMOL/HR 0 0 0 0 0 0 0 

BIOMASS LBMOL/HR 0 0 0 0 0 0 0 

H2 LBMOL/HR 0 0 0 0 0 0 0 
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  Units 328 329 400 401 402 403 404 

ISOBU-01 LBMOL/HR 0.000442241 0.00275247 0.000442241 0.000442241 1.18E-19 0 0 

1:3-D-01 LBMOL/HR 0 1.19E-06 0 0 0 0 0 

PROP LBMOL/HR 0 0 0 0 0 0 0 

POTAS-01 LBMOL/HR 0 0 0 0 0 0 0 

AMMON-01 LBMOL/HR 0 0 0 0 0 0 0 

MGSO4-01 LBMOL/HR 0 0 0 0 0 0 0 

CACL2-01 LBMOL/HR 0 0 0 0 0 0 0 

COCL2-01 LBMOL/HR 0 0 0 0 0 0 0 

Component Mole Fraction                 

GLYCE-01   0 0 0 0 0 0 0 

1,3PDO   0.5828765 0 0.5828765 4.75E-44 0.7036303 3.57E-36 0.9159118 

ACETI-01   0.1968952 1.86E-05 0.1968952 0.0286371 0.231753 0.9999133 3.02E-06 

LACTI-01   0.0355774 0.00078139 0.0355774 3.20E-52 0.0429479 1.23E-41 0.0559051 

SUCCI-01   0.0179334 3.34E-06 0.0179334 2.57E-102 0.0216487 1.00E-88 0.02818 

FORMI-01   0.1665444 5.76E-06 0.1665444 0.9703545 2.01E-05 8.67E-05 2.14E-13 

ETHAN-01   2.43E-07 1.95E-07 2.43E-07 1.42E-06 3.24E-17 0 0 

H2O   0.000169715 0.9991907 0.000169715 0.000988923 2.36E-10 1.02E-09 3.84E-29 

CO2   0 0 0 0 0 0 0 
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  Units 328 329 400 401 402 403 404 

DIPOT-01   0 0 0 0 0 0 0 

BIOMASS   0 0 0 0 0 0 0 

H2   0 0 0 0 0 0 0 

ISOBU-01   3.08E-06 7.95E-08 3.08E-06 1.79E-05 9.94E-22 0 0 

1:3-D-01   0 3.42E-11 0 0 0 0 0 

PROP   0 0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 0 

Component Mass Flow                 

GLYCE-01 LB/HR 0 0 0 0 0 0 0 

1,3PDO LB/HR 6377.794 0 6377.794 8.91E-41 6377.794 7.50E-33 6377.794 

ACETI-01 LB/HR 1700.21 38.64418 1700.21 42.43793 1657.772 1657.756 0.0165777 

LACTI-01 LB/HR 460.8222 2438.42 460.8222 7.12E-49 460.8222 3.06E-38 460.8222 

SUCCI-01 LB/HR 304.5161 13.65023 304.5161 7.48E-99 304.5161 3.26E-85 304.5161 

FORMI-01 LB/HR 1102.215 9.189464 1102.215 1102.105 0.110156 0.110156 9.03E-10 
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  Units 328 329 400 401 402 403 404 

ETHAN-01 LB/HR 0.00161233 0.3110491 0.00161233 0.00161233 1.78E-13 0 0 

H2O LB/HR 0.4396392 623602 0.4396392 0.4396387 5.06E-07 5.06E-07 6.33E-26 

CO2 LB/HR 0 0 0 0 0 0 0 

DIPOT-01 LB/HR 0 0 0 0 0 0 0 

BIOMASS LB/HR 0 0 0 0 0 0 0 

H2 LB/HR 0 0 0 0 0 0 0 

ISOBU-01 LB/HR 0.0318886 0.1984719 0.0318886 0.0318886 8.54E-18 0 0 

1:3-D-01 LB/HR 0 0.000154432 0 0 0 0 0 

PROP LB/HR 0 0 0 0 0 0 0 

POTAS-01 LB/HR 0 0 0 0 0 0 0 

AMMON-01 LB/HR 0 0 0 0 0 0 0 

MGSO4-01 LB/HR 0 0 0 0 0 0 0 

CACL2-01 LB/HR 0 0 0 0 0 0 0 

COCL2-01 LB/HR 0 0 0 0 0 0 0 

Component Mass Fraction                 

GLYCE-01   0 0 0 0 0 0 0 

1,3PDO   0.6412401 0 0.6412401 7.78E-44 0.7246657 4.53E-36 0.8928547 

ACETI-01   0.1709436 6.17E-05 0.1709436 0.0370631 0.1883615 0.9999336 2.32E-06 
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  Units 328 329 400 401 402 403 404 

LACTI-01   0.0463322 0.0038946 0.0463322 6.21E-52 0.0523601 1.85E-41 0.0645124 

SUCCI-01   0.0306168 2.18E-05 0.0306168 6.54E-102 0.0346001 1.97E-88 0.0426305 

FORMI-01   0.1108196 1.47E-05 0.1108196 0.9625236 1.25E-05 6.64E-05 1.26E-13 

ETHAN-01   1.62E-07 4.97E-07 1.62E-07 1.41E-06 2.02E-17 0 0 

H2O   4.42E-05 0.9960064 4.42E-05 0.000383959 5.75E-11 3.05E-10 8.86E-30 

CO2   0 0 0 0 0 0 0 

DIPOT-01   0 0 0 0 0 0 0 

BIOMASS   0 0 0 0 0 0 0 

H2   0 0 0 0 0 0 0 

ISOBU-01   3.21E-06 3.17E-07 3.21E-06 2.79E-05 9.70E-22 0 0 

1:3-D-01   0 2.47E-10 0 0 0 0 0 

PROP   0 0 0 0 0 0 0 

POTAS-01   0 0 0 0 0 0 0 

AMMON-01   0 0 0 0 0 0 0 

MGSO4-01   0 0 0 0 0 0 0 

CACL2-01   0 0 0 0 0 0 0 

COCL2-01   0 0 0 0 0 0 0 

Mole Flow LBMOL/HR 143.7924 34643.19 143.7924 24.67699 119.1154 27.60748 91.50796 
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  Units 328 329 400 401 402 403 404 

Mass Flow LB/HR 9946.031 626102 9946.031 1145.016 8801.015 1657.866 7143.149 

Volume Flow CUFT/HR 175.2726 10182.59 175.2867 17.60005 160.2237 28.93006 131.5648 

Temperature F 370.2151 95 370.3337 247.0631 415.2516 277.1855 477.3028 

Pressure PSIA 30.8 15 40 25 34.8 25 34.8 

Vapor Fraction   0 0 0 0 0 0 0 

Liquid Fraction   1 1 1 1 1 1 1 

Solid Fraction   0 0 0 0 0 0 0 

Molar Enthalpy BTU/LBMOL -197990 -122690 -197980 -181240 -199630 -201580 -197060 

Mass Enthalpy BTU/LB -2862.386 -6788.562 -2862.289 -3905.986 -2701.818 -3356.875 -2524.495 

Enthalpy Flow BTU/HR -28469000 -4250300000 -28468000 -4472400 -23779000 -5565200 -18033000 

Molar Entropy BTU/LBMOL-R -86.78531 -38.43922 -86.7796 -46.26842 -94.12758 -66.42421 -101.7774 

Mass Entropy BTU/LB-R -1.254678 -2.126901 -1.254596 -0.9971612 -1.273949 -1.106124 -1.303828 

Molar Density LBMOL/CUFT 0.8203933 3.402198 0.8203271 1.402098 0.7434319 0.9542833 0.6955351 

Mass Density LB/CUFT 56.74608 61.4875 56.7415 65.05754 54.92953 57.306 54.29375 

Average Molecular Weight   69.16936 18.07288 69.16936 46.40014 73.88644 60.05134 78.06041 
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Table 4.9:  Stream tables for streams 405 to 409 

  Units 405 406 407 408 409 

From   T402 T402 P401 T403 T403 

To     P401 T403     

Substream: MIXED             

Phase:   Liquid Liquid Liquid Liquid Liquid 

Component Mole Flow             

GLYCE-01 LBMOL/HR 0 0 0 0 0 

1,3PDO LBMOL/HR 83.81239 0.000838145 0.000838145 0.000837997 1.48E-07 

ACETI-01 LBMOL/HR 0.000276054 2.09E-36 2.09E-36 0 0 

LACTI-01 LBMOL/HR 0.00810604 5.107659 5.107659 5.107149 0.000510766 

SUCCI-01 LBMOL/HR 1.36E-51 2.578695 2.578695 2.07E-17 2.578695 

FORMI-01 LBMOL/HR 1.96E-11 1.79E-47 1.79E-47 0 0 

ETHAN-01 LBMOL/HR 0 0 0 0 0 

H2O LBMOL/HR 0 0 0 0 0 

CO2 LBMOL/HR 0 0 0 0 0 

DIPOT-01 LBMOL/HR 0 0 0 0 0 

BIOMASS LBMOL/HR 0 0 0 0 0 

H2 LBMOL/HR 0 0 0 0 0 



P a g e  | 96 

 

  Units 405 406 407 408 409 

ISOBU-01 LBMOL/HR 0 0 0 0 0 

1:3-D-01 LBMOL/HR 0 0 0 0 0 

PROP LBMOL/HR 0 0 0 0 0 

POTAS-01 LBMOL/HR 0 0 0 0 0 

AMMON-01 LBMOL/HR 0 0 0 0 0 

MGSO4-01 LBMOL/HR 0 0 0 0 0 

CACL2-01 LBMOL/HR 0 0 0 0 0 

COCL2-01 LBMOL/HR 0 0 0 0 0 

Component Mole Fraction             

GLYCE-01   0 0 0 0 0 

1,3PDO   0.9999 0.000109031 0.000109031 0.000164056 5.76E-08 

ACETI-01   3.29E-06 2.72E-37 2.72E-37 0 0 

LACTI-01   9.67E-05 0.6644376 0.6644376 0.9998359 0.000198032 

SUCCI-01   1.62E-53 0.3354534 0.3354534 4.06E-18 0.9998019 

FORMI-01   2.34E-13 2.33E-48 2.33E-48 0 0 

ETHAN-01   0 0 0 0 0 

H2O   0 0 0 0 0 

CO2   0 0 0 0 0 



P a g e  | 97 

 

  Units 405 406 407 408 409 

DIPOT-01   0 0 0 0 0 

BIOMASS   0 0 0 0 0 

H2   0 0 0 0 0 

ISOBU-01   0 0 0 0 0 

1:3-D-01   0 0 0 0 0 

PROP   0 0 0 0 0 

POTAS-01   0 0 0 0 0 

AMMON-01   0 0 0 0 0 

MGSO4-01   0 0 0 0 0 

CACL2-01   0 0 0 0 0 

COCL2-01   0 0 0 0 0 

Component Mass Flow             

GLYCE-01 LB/HR 0 0 0 0 0 

1,3PDO LB/HR 6377.73 0.0637789 0.0637789 0.0637676 1.13E-05 

ACETI-01 LB/HR 0.0165777 1.25E-34 1.25E-34 0 0 

LACTI-01 LB/HR 0.7301823 460.092 460.092 460.046 0.0460092 

SUCCI-01 LB/HR 1.61E-49 304.5161 304.5161 2.45E-15 304.5161 

FORMI-01 LB/HR 9.03E-10 8.25E-46 8.25E-46 0 0 
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  Units 405 406 407 408 409 

ETHAN-01 LB/HR 0 0 0 0 0 

H2O LB/HR 0 0 0 0 0 

CO2 LB/HR 0 0 0 0 0 

DIPOT-01 LB/HR 0 0 0 0 0 

BIOMASS LB/HR 0 0 0 0 0 

H2 LB/HR 0 0 0 0 0 

ISOBU-01 LB/HR 0 0 0 0 0 

1:3-D-01 LB/HR 0 0 0 0 0 

PROP LB/HR 0 0 0 0 0 

POTAS-01 LB/HR 0 0 0 0 0 

AMMON-01 LB/HR 0 0 0 0 0 

MGSO4-01 LB/HR 0 0 0 0 0 

CACL2-01 LB/HR 0 0 0 0 0 

COCL2-01 LB/HR 0 0 0 0 0 

Component Mass Fraction             

GLYCE-01   0 0 0 0 0 

1,3PDO   0.9998829 8.34E-05 8.34E-05 0.000138592 3.71E-08 

ACETI-01   2.60E-06 1.64E-37 1.64E-37 0 0 
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  Units 405 406 407 408 409 

LACTI-01   0.000114476 0.6016856 0.6016856 0.9998614 0.000151067 

SUCCI-01   2.52E-53 0.398231 0.398231 5.32E-18 0.9998489 

FORMI-01   1.42E-13 1.08E-48 1.08E-48 0 0 

ETHAN-01   0 0 0 0 0 

H2O   0 0 0 0 0 

CO2   0 0 0 0 0 

DIPOT-01   0 0 0 0 0 

BIOMASS   0 0 0 0 0 

H2   0 0 0 0 0 

ISOBU-01   0 0 0 0 0 

1:3-D-01   0 0 0 0 0 

PROP   0 0 0 0 0 

POTAS-01   0 0 0 0 0 

AMMON-01   0 0 0 0 0 

MGSO4-01   0 0 0 0 0 

CACL2-01   0 0 0 0 0 

COCL2-01   0 0 0 0 0 

Mole Flow LBMOL/HR 83.82077 7.687192 7.687192 5.107987 2.579206 
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  Units 405 406 407 408 409 

Mass Flow LB/HR 6378.477 764.6719 764.6719 460.1098 304.5621 

Volume Flow CUFT/HR 105.4288 10.93431 10.93718 7.660729 4.639298 

Temperature F 278.1356 339.3272 339.7708 453.1199 664.3766 

Pressure PSIA 0.9668387 1.833894 40 25 32.8 

Vapor Fraction   0 0 0 0 0 

Liquid Fraction   1 1 1 1 1 

Solid Fraction   0 0 0 0 0 

Molar Enthalpy BTU/LBMOL -197900 -312710 -312670 -272380 -354450 

Mass Enthalpy BTU/LB -2600.67 -3143.606 -3143.265 -3023.844 -3001.679 

Enthalpy Flow BTU/HR -16588000 -2403800 -2403600 -1391300 -914200 

Molar Entropy BTU/LBMOL-R -116.014 -106.2819 -106.2525 -96.60865 -88.57505 

Mass Entropy BTU/LB-R -1.524562 -1.068444 -1.068149 -1.072517 -0.750104 

Molar Density LBMOL/CUFT 0.7950463 0.7030339 0.7028496 0.6667755 0.5559474 

Mass Density LB/CUFT 60.50034 69.93324 69.9149 60.06084 65.64832 

Average Molecular Weight   76.09662 99.4735 99.4735 90.07655 118.0837 
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Table 5.1:  Stream tables for streams 500 to 505 

  Units 500 501 502 503 504 505 

From           M500 Q500 

To   M500 M500 M500 M500 Q500 H500 

Substream: MIXED               

Phase:   Vapor Vapor Vapor Vapor Vapor Vapor 

Component Mole Flow               

PROP LBMOL/HR 2195.897 562.3561 24.89856 540.0773 3323.229 3323.229 

Component Mass Flow               

PROP LB/HR 96831.42 24797.95 1097.94 23815.53 146543 146543 

Volume Flow CUFT/HR 394875 101125 4477.355 97118.78 597596 92580.25 

Temperature F -20.74476 -20.74476 -20.74476 -20.74476 -20.74476 155.4406 

Pressure PSIA 25 25 25 25 25 200 

Vapor Fraction   1 1 1 1 1 1 

Liquid Fraction   0 0 0 0 0 0 

Solid Fraction   0 0 0 0 0 0 

Molar Enthalpy BTU/LBMOL -46729.24 -46729.24 -46729.24 -46729.24 -46729.24 -44099.62 

Mass Enthalpy BTU/LB -1059.703 -1059.703 -1059.703 -1059.703 -1059.703 -1000.07 

Enthalpy Flow BTU/HR -102610000 -26278000 -1163500 -25237000 -155290000 -146550000 
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  Units 500 501 502 503 504 505 

Molar Entropy BTU/LBMOL-R -68.85127 -68.85127 -68.85127 -68.85127 -68.85127 -67.58063 

Mass Entropy BTU/LB-R -1.561377 -1.561377 -1.561377 -1.561377 -1.561377 -1.532561 

Molar Density LBMOL/CUFT 0.005561 0.005561 0.005561 0.005561 0.005561 0.0358956 

Mass Density LB/CUFT 0.2452207 0.2452207 0.2452207 0.2452207 0.2452207 1.582874 

Average Molecular Weight   44.09652 44.09652 44.09652 44.09652 44.09652 44.09652 

 

Table 5.2:  Stream tables for streams 506 to 511 

  Units 506 507 508 509 510 511 

From   H500 V500 M501 M501 H501 M502 

To   V500 M501 H501 M502   H502 

Substream: MIXED               

Phase:   Liquid Mixed Mixed Mixed Vapor Mixed 

Component Mole Flow               

PROP LBMOL/HR 3323.229 3323.229 2195.891 1127.338 2195.891 562.3369 

Component Mass Flow               

PROP LB/HR 146543 146543 96831.16 49711.68 96831.16 24797.1 

Volume Flow CUFT/HR 5007.493 214265 141580 72685.08 394874 36256.65 

Temperature F 102.4782 -12.1874 -12.1874 -12.1874 -20.74476 -12.1874 



P a g e  | 103 

 

Pressure PSIA 195 30 30 30 25 30 

Vapor Fraction   0 0.420172 0.420172 0.420172 1 0.420172 

Liquid Fraction   1 0.579828 0.579828 0.579828 0 0.579828 

Solid Fraction   0 0 0 0 0 0 

Molar Enthalpy BTU/LBMOL -51070.64 -51070.64 -51070.64 -51070.64 -46729.24 -51070.64 

Mass Enthalpy BTU/LB -1158.156 -1158.156 -1158.156 -1158.156 -1059.703 -1158.156 

Enthalpy Flow BTU/HR -169720000 -169720000 -112150000 -57574000 -102610000 -28719000 

Molar Entropy BTU/LBMOL-R -79.85234 -78.89498 -78.89498 -78.89498 -68.85127 -78.89498 

Mass Entropy BTU/LB-R -1.810854 -1.789143 -1.789143 -1.789143 -1.561377 -1.789143 

Molar Density LBMOL/CUFT 0.6636513 0.0155098 0.0155098 0.0155098 0.005561 0.0155098 

Mass Density LB/CUFT 29.26471 0.6839323 0.6839323 0.6839323 0.2452207 0.6839323 

Average Molecular Weight   44.09652 44.09652 44.09652 44.09652 44.09652 44.09652 
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Table 5.3:  Stream tables for streams 512 to 517 

  Units 512 513 514 515 516 517 

From   M502 H502 M503 M503 H503 H504 

To   M503   H503 H504     

Substream: MIXED               

Phase:   Mixed Vapor Mixed Mixed Vapor Vapor 

Component Mole Flow               

PROP LBMOL/HR 565.001 562.3369 24.92162 540.0794 24.92162 540.0794 

Component Mass Flow               

PROP LB/HR 24914.58 24797.1 1098.957 23815.62 1098.957 23815.62 

Volume Flow CUFT/HR 36428.43 101122 1606.821 34821.6 4481.502 97119.15 

Temperature F -12.1874 -20.74476 -12.1874 -12.1874 -20.74476 -20.74476 

Pressure PSIA 30 25 30 30 25 25 

Vapor Fraction   0.420172 1 0.420172 0.420172 1 1 

Liquid Fraction   0.579828 0 0.579828 0.579828 0 0 

Solid Fraction   0 0 0 0 0 0 

Molar Enthalpy BTU/LBMOL -51070.64 -46729.24 -51070.64 -51070.64 -46729.24 -46729.24 

Mass Enthalpy BTU/LB -1158.156 -1059.703 -1158.156 -1158.156 -1059.703 -1059.703 

Enthalpy Flow BTU/HR -28855000 -26278000 -1272800 -27582000 -1164600 -25238000 
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Molar Entropy BTU/LBMOL-R -78.89498 -68.85127 -78.89498 -78.89498 -68.85127 -68.85127 

Mass Entropy BTU/LB-R -1.789143 -1.561377 -1.789143 -1.789143 -1.561377 -1.561377 

Molar Density LBMOL/CUFT 0.0155098 0.005561 0.0155098 0.0155098 0.005561 0.005561 

Mass Density LB/CUFT 0.6839323 0.2452207 0.6839323 0.6839323 0.2452207 0.2452207 

Average Molecular Weight   44.09652 44.09652 44.09652 44.09652 44.09652 44.09652 
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VI. Design Alternatives 

There were a few different alternatives that were considered. These alternatives differed from the 

base case on a few different aspects of the process.  

The first aspect that these alternatives differed on was the bacterium to be used in the 

fermentation section of the process. When we as a group were searching for scientific literature 

associated with the biological production of 1, 3-Propanediol, we came across an article titled, 

“1, 3-propanediol production by fermentation: An interesting way to valorize glycerin from the 

ester and ethanol industries”. Within the article, multiple different bacterium species were used 

as biological catalysts to convert glycerol into 1, 3-Propanediol. These bacterium species include 

Citrobacter freundii, Enterobacter agglomerans, Clostridium butyricum, as well as Klebsiella 

pneumoniae, the bacterium species which was used in the final designed process. The reason that 

Klebsiella pneumoniae was used in the final designed process is that it gave the greatest 

conversion rate of Glycerol into 1, 3-Propanediol, as well as yielded the greatest carbon 

recovery. Citrobacter freundii gave a similar conversion rate of glycerol into 1, 3-Propanediol, 

however the bacterium species yielded a smaller carbon recovery, and thus was not considered in 

the final designed process. The other two bacteria species - Enterobacter agglomerans and 

Clostridium butyricum – had smaller conversion rates of glycerol into 1, 3-Propanediol, and thus 

were not considered for the final designed process. 

The second aspect that these alternatives differed from the final designed process was how the 

products from the fermentation bioreactors were to be separated from each other. In particular, 

there was a point during designing of the process where an enormous amount of water had to be 

recovered for use in the fermentation bioreactors. The initial method that was considered was to 

separate and recover this water via distillation. However, one of the products that was being 
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made in the fermentation bioreactors was lactic acid. Water’s normal boiling point is 100 degrees 

Celsius, whereas Lactic Acid’s boiling point is 100.8 degrees Celsius. Because of this very small 

difference in boiling points between these two particular compounds, to separate these two 

compounds via distillation was simulated in Aspen to require six very large distillation towers. 

Thus, another method of separation of water had to be considered. This other method was liquid-

liquid extraction, coupled with reactive distillation and was used in the final designed process. 

In any future work involving this process, it would be wise to research the modification of 

Citrobacter freundii, Enterobacter agglomerans, Clostridium butyricum, as well as Klebsiella 

pneumoniae, and the effects that the modification of these bacteria species would have on the 

conversion rate of glycerol into 1, 3-Propanediol. It would also be wise to research the 

modification of Citrobacter freundii, Enterobacter agglomerans, Clostridium butyricum, as well 

as Klebsiella pneumoniae, and the effects that the modification of these bacteria species would 

have on the minimization of the conversion rate of glycerol into Lactic Acid, and thus the 

elimination of liquid-liquid extraction from any future designed processes. 

Fertilizer as a Possible Alternative to Nutritional Salts 

It is worth noting that an alternative method for supplying the nutritional needs for the bacteria 

was also considered. It was observed that the nutritional components listed above closely 

resemble the make-up of a fertilizer. The potential to substitute fertilizer for all of these 

components, and thereby save money by not having to buy each individually as a salt, was 

therefore evaluated at a preliminary level. The labelling of fertilizers is generally based an NPK 

value. The NPK value comes from the weight of elemental nitrogen (N), the weight of P2O5 or 

equivalent (P), and the weight of K2O or equivalent (K). From this consideration, an NPK value 

was determined for the nutritional salts as a whole, based on the values used in source 11. The 



P a g e  | 108 

 

NPK was found to be roughly 4-30-31. This NPK is only dependent on the concentrations of 

dipotassium hydrogen phosphate, potassium dihydrogen phosphate, and ammonium sulfate, as 

these are the only nutrients listed that contain nitrogen, phosphorus, or potassium. This specific 

NPK was not found among existing fertilizer NPKs, but mixtures of various fertilizers and 

changing of the mass of fertilizer added can approximate the nutrient needs fairly closely. For 

instance, if twice as much mass of fertilizer is added, half the NPK can be used. This makes the 

effective NPK about 2-15-15. Fertilizers known as Triple 18 exist, that have an NPK of 15-15-

15. Not enough is known, or could be found, about K. pneumoniae to know the effects or 

existence of nitrogen poisoning for this bacteria, so it is unclear if a Triple 15 fertilizer can be 

used. It is also unclear if the other nutrient needs will still be met by such a fertilizer. In order to 

for this method for meeting the nutrient needs of the bacteria to work, twice as much fertilizer 

would need to be added compared to the amount of various salts added. Therefore, the price of 

the fertilizer would need to be less than half that of the various salt mixture in order for this 

option to be economically viable. The investigation was not taken to this extent, as it was 

determined that the process was already economically viable, and as there were still too many 

unknowns concerning the fertilizer method. This method should be reevaluated should new 

information come to light that might make this option profitable.  

VII. Permitting and Environmental Concerns 

Our design consists of several purge streams. Stream 200 is a vapor purge stream. This stream 

may be combusted for steam production. Coming out of that stack are trace amounts of Acetic 

acid, Lactic acid Succinic Acid, Formic Acid, Ethanol, and IBA. The amounts of these emissions 

are on the order of 1.7 lb/year. These substances are listed as hazardous materials and the 

concentrations at which they are released are small. This purge also releases CO2. The amount of 
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CO2 it releases is about 213 lb/year. This is not enough to be regulated by the EPA. Our other 

purge stream releases much of the same in the same quantities. However, it does purge 18,000 

lb/year of water. This water need to be treated before it can be returned to natural water 

reservoirs. However, we believe that because of the low concentrations of the pollutants it will 

not be a problem. 

A greater environmental issue is our natural gas boilers. Our design requires a lot of steam. Our 

steam is produced by burning 185 MMbtu of natural gas each year. This will be our major source 

of pollutants, namely CO, NOx, SOx, and VOC’s. We will not have to worry about particles as 

much, as natural gas burners tend not to produce particles. These boilers will also produce 

greenhouse gasses. A study on the rate of emissions and available control technology will be 

shown later in this section. 

As with any building project permits must be obtained before construction can begin. There are 

several different permits that we will need to get before we can begin construction. A list is 

provided below. 

 Missouri New Source Review Permit 

Because our process does produce pollutants regulated by the EPA, we would 

need to acquire a Missouri New Source Review permit [15]. This permit allows 

an installation to construct and operate an air emission source. Construction may 

not begin until a construction permit has been issued. 

Basic Operating Permit [16]  

This permit houses several other permits that will allow us to operate and 

maintain facility. This also list the ways in which we would comply with the 

regulations set the EPA and the State of Missouri. 
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We plan to have a natural gas combustion furnace to heat our water. Table 6 below lists the 

different combustor types as well as their Emission Factor rating for NOx and CO. This table 

was taken from the EPA websites: 

 https://www.epa.gov/sites/production/files/2015-

07/documents/chapter_5_emission_control_technologies.pdf 

 https://www3.epa.gov/ttn/chief/ap42/ch01/final/c0404.pdf 

Table 6 also shows some controls used to reduce emissions. We will use these tables to calculate 

the emissions of our natural gas boiler. 

Table 6:  Emission Factors for Nitrogen Oxides, Carbon Monoxide and other pollutants. Different control technologies are also 
considered. 

 

 

https://www.epa.gov/sites/production/files/2015-07/documents/chapter_5_emission_control_technologies.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/chapter_5_emission_control_technologies.pdf
https://www3.epa.gov/ttn/chief/ap42/ch01/final/c01s04.pdf
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Table 7 shows our calculated emissions for a natural gas large wall-fired boiler. Also included in 

this table are several control technologies. Emissions were calculated using the Equation 1 given 

by the EPA: 

𝐸 = 𝐴 ∗ 𝐸𝐹 ∗ (1 −
𝐸𝑅

100%
) 

Equation 1 

Where: 

  E = emissions in pounds of emission per year 

A = activity rate in MMbtu of natural gas 

EF = emissions factor in pounds emission per MMbtu 

ER = overall emission reduction efficiency in percent (in our calculations A=90%, 

B=80%, C=70% and so on).  

Table 7:   Emissions in lb/year for a large wall-fired boiler. This is based on an 8000 hour work year. 

Large Wall-Fired Boilers Emissions 

(lb/year) 

Activity Rate 

(MMbtu/year) 

EF 

(lb/MMbtu) 

ER 

(%) 

Nox       

Uncontrolled (post-NSPS) 30153.186 1618750 0.18627451 90 

Controlled - Low Nox 

burners 

 

22218.137 1618750 0.137254902 90 
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Large Wall-Fired Boilers Emissions 

(lb/year) 

Activity Rate 

(MMbtu/year) 

EF 

(lb/MMbtu) 

ER 

(%) 

Controlled - Flue gas 

recirculation 

63480.392 1618750 0.098039216 60 

CO      

Uncontrolled (post-NSPS) 26661.765 1618750 0.082352941 80 

Controlled - Low Nox 

burners 

26661.765 1618750 0.082352941 80 

Controlled - Flue gas 

recirculation 

26661.765 1618750 0.082352941 80 

CO2 19044118 1618750 117.6470588 90 

Lead 0.317402 1618750 4.90196E-07 60 

N2O (uncontrolled) 160287.99 1618750 0.198039216 50 

N2O(Controlled-low-NOx 

burner 

507.84314 1618750 0.000627451 50 

PM (Total) 4824.5098 1618750 0.00745098 60 

PM (Condensable) 3618.3824 1618750 0.005588235 60 

PM (Filterable) 603.06373 1618750 0.001862745 80 
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Large Wall-Fired Boilers Emissions 

(lb/year) 

Activity Rate 

(MMbtu/year) 

EF 

(lb/MMbtu) 

ER 

(%) 

SO2 95.220588 1618750 0.000588235 90 

TOC 3491.4216 1618750 0.010784314 80 

Methane 730.02451 1618750 0.002254902 80 

VOC 2618.5662 1618750 0.005392157 70 

We will now look at the different technologies that we can use to help reduce NOx emissions. 

Below we have the NOx control technologies listed by cost efficiency [17]. 

NOx 

1. All control Technologies 

a. Low NOx burners 

b. Flue gas recirculation 

c. Over Fire Air (close coupled) 

d. Over Fire Air (separated) 

e. Water/Steam Injection 

2. Control Technologies not ready for commercial application 

a. Not applicable 

3. Control options by control effectiveness 

a. Low NOx burners 

i. Control effectiveness: 40-60% 

ii. Expected emission rate: 30153.186 lb/year 
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iii. Expected emissions reduction: 12000- 18000 lb/year 

iv. Economic impacts: 125-250 $/ton or 2-4 $/kW 

v. Environmental impacts: may reduce combustion efficiency, resulting in 

higher CO emissions relative to uncontrolled boilers 

vi. Energy impacts:  

b. Flue gas recirculation (existing fan) 

i. Control effectiveness:30-40% 

ii. Expected emission rate: 30153.186 lb/year 

iii. Expected emissions reduction: 9000 – 12000 lb/year 

iv. Economic impacts:200-300 $/ton or 3-5 $/kW 

v. Environmental impacts: may reduce combustion efficiency, resulting in 

higher CO emissions relative to uncontrolled boilers 

vi. Energy impacts: 

c. Over Fire Air (close coupled) 

i. Control effectiveness: 30-50% 

ii. Expected emission rate: 30153.186 lb/year 

iii. Expected emissions reduction: 9000 – 15000 lb/year 

iv. Economic impacts: 200-450 $/ton or 4-7 $/kW 

v. Environmental impacts: May cause increases in CO emissions and will 

change the temperature distribution in the furnace section. 

vi. Energy impacts: 

d. Over Fire Air (separated) 

i. Control effectiveness: 40-60% 
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ii. Expected emission rate: 30153.186 lb/year 

iii. Expected emissions reduction: 12000 – 18000 lb/year 

iv. Economic impacts: 250-500 $/ton or 5-10 $/kW 

v. Environmental impacts: May cause increases in CO emissions and will 

change the temperature distribution in the furnace section. 

vi. Energy impacts: 

e. Water/Steam Injection 

i. Control effectiveness: 20-25% 

ii. Expected emission rate: 30153.186 lb/year 

iii. Expected emissions reduction: 6000 – 7500 lb/year 

iv. Economic impacts: 100-150 $/ton or 2-3 $/kW 

v. Environmental impacts: Carbon monoxide and un-burned hydrocarbons 

increase, especially at low loads. If steam injection is utilized, about 50% 

higher mass rate is required compared to water injection and there is the 

inherent loss of energy required to produce the steam. Additionally, water 

that has been extensively treated is lost out the stack. 

vi. Energy impacts: Fuel consumption increases by as much as 5% to make 

up for the heat of vaporization of the water 

With the information about different NOx Technologies, we can now compare to see which 

control technology would be best for our project. To do this we calculated the Incremental cost 

effectiveness of each technology. This data is shown in Table 8. Using this data we chose to use 

low NOx burners. We do not emit a lot of NOx  and the low NOx burners control the amount of 

NOx to an acceptable range. Under Title IV Limits, we need to get our NOx emission to 0.46 
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lbs/MMbtu. With this control we have it at 0.0093 lbs/MMbtu.  Spending additional money to 

lower it further is unnecessary [2.6]  

Table 8:  Table of incremental cost effectiveness for the considered NOx control technology. 

Technology Base line 

emissions 

rate 

(ton/year) 

Control 

effectiveness 

average 

Emission 

rate of 

control 

(ton/year) 

Average 

cost 

effectiveness 

($/ton) 

Total 

annual cost 

(TAC) $ 

Incremental 

cost 

effectiveness 

($/ton) 

Low NOx 

burners 

15.07659314 50% 7.538296569 187.5 1413.43061   

Water/Stream 

Injection 

15.07659314 22.50% 11.68435968 125 424.029182 238.636364 

Flue gas 

recirculation 

15.07659314 35% 9.799785539 250 1319.2019 475 

Over Fire Air 

(separated) 

15.07659314 51% 7.387530637 375 2883.39844 648.4375 

Over fire Air 

(closed 

coupled) 

15.07659314 40% 9.045955882 325 1959.95711 556.818182 

We will now look at the different technologies that we can use to help reduce SOx emissions. 

Below we have the SOx control technologies listed by cost efficiency. We found several 

technologies but have not yet had the opportunity to research them further. The technologies we 

found are more for large coal power plants and my not be applicable to our process [18].  

SOx 

1. All control Technologies 

a. Spray dryer absorber (SDA) 

b. Wet Flue Gas Desulfurization (FGD) 

c. Circulating dry scrubber (CDS) 

d. Dry sorbent injection (DSI) 

2. Control Technologies not ready for commercial application 
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a. Not applicable 

3. Control options by control effectiveness 

a. SDA 

i. Control effectiveness: up to 97% 

ii. Expected emission rate: 95.220588 lb/year 

iii. Expected emissions reduction: 92.15 lb/year 

iv. Economic impacts: Need to find 

v. Environmental impacts: Need to find 

vi. Energy impacts: Need to find 

b. Wet (FGD) 

i. Control effectiveness: 98% 

ii. Expected emission rate: 95.220588 lb/year 

iii. Expected emissions reduction: 93.1 lb/year 

iv. Economic impacts: very expensive construction, many process operations 

v. Environmental impacts: Water consumption, produces a calcium sulfate 

solid waste 

vi. Energy impacts: Consumes a lot of energy 

c. CDS 

i. Control effectiveness: 98% 

ii. Expected emission rate: 95.220588 lb/year 

iii. Expected emissions reduction: 93.1 lb/year 

iv. Economic impacts: Need to find 

v. Environmental impacts: Need to find 
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vi. Energy impacts: Need to find 

d. DSI 

i. Control effectiveness: 50-70% 

ii. Expected emission rate: 95.220588 lb/year 

iii. Expected emissions reduction: 47.5 - 66.5 lb/year 

iv. Economic impacts: Lowest cost 

v. Environmental impacts: Need to find 

vi. Energy impacts: Need to find 

We will now look at the different technologies that we can use to help reduce CO emissions. 

Below we have the CO control technologies listed by cost efficiency. 

CO 

1. All control Technologies 

a. Automatic excess air rate control 

b. Reduced fuel Consumption (insulation, air preheaters ect.) 

c. Maintenance (proper firing rate, burner maintenance) 

2. Control Technologies not ready for commercial application 

a. Not applicable 

3. Control options by control effectiveness 

a. Automatic excess air rate control 

i. Control effectiveness: Need to find 

ii. Expected emission rate: 26661.765 lb/year 

iii. Expected emissions reduction: Need to find 
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iv. Economic impacts:  More complex systems can be more expensive, but 

cost is offset by fuel savings. 

v. Environmental impacts: 

vi. Energy impacts: 

b. Reduced fuel consumption 

i. Control effectiveness: Need to find 

ii. Expected emission rate: 26661.765 lb/year 

iii. Expected emissions reduction: Need to find 

iv. Economic impacts: low to negligible. Any cost is offset by fuel savings. 

v. Environmental impacts: none 

vi. Energy impacts: Greater efficiency  

c. Maintenance 

i. Control effectiveness: Need to find 

ii. Expected emission rate: 26661.765 lb/year 

iii. Expected emissions reduction: 

iv. Economic impacts: low to negligible. Should already be part of operation. 

v. Environmental impacts: none 

vi. Energy impacts: Greater efficiency 

CO emissions are already low and the potential for significant reduction of these emissions by 

the applications of addition CO control techniques is not large [19].  

There is still much to research for the BACT. We have to look into control technologies for 

particles, and VOC’s. The controls for particles may not be a priority because natural gas is 
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already very low on particle emissions. VOC’s are a concern because with NOx control the 

possibility of emitting more VOC is increased.  

VIII. Safety and Risk Management 

HAZOP Summary 

One major concern that we ran into was that during the separation of the 1,3-Propanediol from 

some of the acid byproducts, the temperature would reach over 648oF, which is the auto-ignition 

temperature for 1,3-Propanediol. If the tower were to reach this temperature, it would cause a 

major explosion and put the lives of the workers and community at a significant risk.  To make 

our process safer we changed our process in two ways. First, we made the distillation tower a 

vacuum distillation tower. This decreased the temperature needed to separate the 1,3-Propanediol 

to a more manageable level. Second, we rearranged the towers into a different configuration to 

remove the 1,3-Propanediol first. This also made the separations possible at lower temperatures.  

Another concern was the towers that contain IBA. This chemical is toxic and flammable, and 

releases additional toxic compounds when burned. These products of combustion have the added 

hazard of having a higher density than air, meaning these products will flow at ground level 

rather than dispersing in the atmosphere. If these towers were to be compromised, the 

consequences would be catastrophic. To prevent vessel rupture we would need to monitor the 

pressure of the vessel that contain IBA. We would also want to put these unit operations in a 

separate and secure location. Before the HAZOP, we planned to purge ethanol that was 

contaminated with IBA. We are now planning to recycle as much IBA as possible making sure 

that we purge little to none into the atmosphere. We also verified that the concentration of  IBA 

within the ethanol stream is in the range of parts per million so the combustion of the ethanol 

would not be as dangerous.  
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There is also a safety consideration concerning the working bacteria in this process: Klebsiella 

pneumoniae. This bacterium is potentially pathogenic, and so caution should be exercised when 

dealing with it. For this reason, respirators will need to be available in case of a release. 

Otherwise, the live bacteria will be entirely contained in the process, and so should cause no 

other safety considerations.  

The parallel batch reactors will need to be properly vented, as hydrogen gas and carbon dioxide 

will be generated during the fermentation. If there is a blockage in the vent from the fermenters, 

there is the possibility of a large pressure build-up in the reactors that could cause an explosion if 

left uncorrected. This flow will need to be carefully monitored, as well as the vessel pressure, to 

ensure that this does not occur.   

Most other concerns are relatively minor. These concerns involve substances that are not 

harmful, or that could be easily cleaned up. General safety considerations and procedures should 

be followed. The organic acids that are being handled are hazardous, and thus plant workers 

should wear Neoprene gloves and safety goggles when handling them, such as when checking 

stream composition. 

See the appendix for full HAZOP and SDS’s. 

IX. Project Economics 

The economic analysis for this design project went fairly well. The prices for the chemical 

compound were generally found from the website Alibaba.com, and any chemical compound 

prices that could not be found on Alibaba.com were found from other reliable sources. Plant 

Design and Economics for Chemical Engineers by Peters & Timmerhaus was used for 

determining the cost of the equipment needed for this design process. The year that the ISBL was 
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measured at was 2002, and it was estimated on the year 2013 using chemical engineering capital 

indices for those years. 

The major equipment costs for the heat exchangers in this process design are as shown in Table 

9. The figure in P&T that was used to determine FOB’s is figure 14-18. 

Table 9:  List of Heat Exchangers 

Equipment 

ID 

Area (square 

feet) 

Pressure 

(kPa) 

Type of 

HX 

Number 

of Units 

FOB cost (from 

P&T) ($) 

S100 107.35 135.83  Shell and 

Tube, 

Carbon 

Steel 

1 3,500 

H100 161.95 101.35  Shell and 

Tube, 

Carbon 

Steel 

1 4,000 

H-T200 4,835.51 239.94  Shell and 

Tube, 

Carbon 

Steel 

1 30,000 

C-T200 126.38 172.37  Shell and 

Tube, 

Carbon 

Steel 

1 4,000 

H201 41.36  137.90  Shell and 

Tube, 

Carbon 

Steel 

1 3,000 

H300 2,183.84  241.32  Shell and 

Tube, 

Carbon 

Steel 

 

1 19,000 
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Equipment 

ID 

Area (square 

feet) 

Pressure 

(kPa) 

Type of 

HX 

Number 

of Units 

FOB cost (from 

P&T) ($) 

H-T300 848.64  239.94  Shell and 

Tube, 

Carbon 

Steel 

1 10,000 

C-T300 2,948.76  172.37  Shell and 

Tube, 

Carbon 

Steel 

3 66,000 

H301 316.75  137.90  Shell and 

Tube, 

Carbon 

Steel 

1 6,000 

H-T301  320.98  239.94  Shell and 

Tube, 

Carbon 

Steel 

1 6,100 

C-T301  482.85  172.37  Shell and 

Tube, 

Carbon 

Steel 

1 7,500 

H302 14.12  137.90  Shell and 

Tube, 

Carbon 

Steel 

1 1,900  

H303 299.50  137.90  Shell and 

Tube, 

Carbon 

Steel 

1 5,500 

H304 4,573.47  103.42  Shell and 

Tube, 

Carbon 

Steel 

 

1 30,000 
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Equipment 

ID 

Area (square 

feet) 

Pressure 

(kPa) 

Type of 

HX 

Number 

of Units 

FOB cost (from 

P&T) ($) 

H-T303 157.16  212.36  Shell and 

Tube, 

Carbon 

Steel 

1 4,000 

C-T303 1,086.42  172.37  Shell and 

Tube, 

Carbon 

Steel 

1 12,000 

H-T400 556.51  239.94  Shell and 

Tube, 316 

Stainless 

Steel 

1 12,000 

C-T400 2,096.88  172.37  Shell and 

Tube, 316 

Stainless 

Steel 

1 35,000 

H-T401 49.04  239.94  Shell and 

Tube, 316 

Stainless 

Steel 

1 3,500 

C-T401 122.05  172.37  Shell and 

Tube, 316 

Stainless 

Steel 

1 5,000 

H-T402 522.73  239.94  Shell and 

Tube, 316 

Stainless 

Steel 

1 11,500 

C-T402 1,411.78  172.37  Shell and 

Tube, 316 

Stainless 

Steel 

 

1 22,000 
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Equipment 

ID 

Area (square 

feet) 

Pressure 

(kPa) 

Type of 

HX 

Number 

of Units 

FOB cost (from 

P&T) ($) 

H-T403 28.91  13.89  Shell and 

Tube, 316 

Stainless 

Steel 

1 2,800 

C-T403 12.86  6.67  Shell and 

Tube, 316 

Stainless 

Steel 

1 2,000 

H500 2,429.85  1,344.48  Shell and 

Tube, 

Carbon 

Steel 

2 46,400 

H501 898.53  172.37  AirFin 1 10,000 

H502 2,023.32  172.37  Shell and 

Tube, 

Carbon 

Steel 

1 18,000 

H503 89.48  172.37  Shell and 

Tube, 

Carbon 

Steel 

1 3,100 

H504 1,943.20  172.37  Shell and 

Tube, 

Carbon 

Steel 

1 17,000 

The major equipment costs for the pumps in this process design are shown in Table 10. The 

figure in P&T that was used to determine FOB’s is figure 12-20. 
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Table 10:  List of pumps 

ID Type Inlet 

Actual 

Volume 

Flow 

(gpm) 

Pressure 

(psia) 

Capacity 

Factor 

(gpm*psi) 

Electricity 

(kW) 

FOB cost 

(from P&T) 

($) 

P200 Centrifugal 1,291.01  40.00  51,640.52  18.01  6,000 

P300 Centrifugal 1,333.33  40.00  53,333.26  18.33  6,500 

P301 Centrifugal 99.30  40.00  3,971.89  0.40  2,500 

P302 Centrifugal 77.94  40.00  3,117.66  1.36  2,500  

P400 Centrifugal 21.85  40.00  874.09  0.28  1,500 

P401 Centrifugal 1.36  40.00  54.53  0.08  500 

The major equipment costs for the compressor in this process design are shown in Table 11. The 

figure in P&T that was used to determine FOB’s is figure 12-28. 

Table 11:  Compressor 

ID Inlet Actual 

Volume Flow 

(cubic feet per 

hour) 

Brake power 

(hp) 

Type FOB cost ($) 

Q500 597,598 3,434.50 Centrifugal-

rotary 

700,000 

The major equipment costs for the valve used in this process design are shown in Table 12. The 

figure in P&T that was used to determine FOB’s is figure 12-11. 

Table 12:  Valve 

ID Type Nominal 

Diameter (in) 

Inlet Pressure 

(psia) 

FOB cost ($) 

V500 Spring-loaded, steel 

body, and stainless-

steel trim 

1 195 1,000 
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The major equipment costs for the vessels used in this process design are shown in Table 13. The 

figure in P&T that was used to determine FOB’s is figure 12-54.  

Table 13:  List of vessels 

ID Horizontal 

or Vertical 

Length (ft) Diameter 

(m) 

Pressure 

(psia) 

FOB cost ($) 

F200 Vertical 20.65  3.15  14.70  35,200 

R-T200 Vertical 34.25  3.48  25.00  59,840 

F201 Vertical 1.60  0.16  14.70  1,760 

D300 Horizontal 20.97  3.20  35.00  32,000 

R-T300 Vertical 15.99  1.62  25.00  5,808 

D301 Horizontal 13.39  1.36  20.00  5,120 

R-T301 Vertical 8.40  0.85  25.00  5,280 

D302 Horizontal 3.67  0.37  20.00  2,400 

R-T303 Vertical 10.87  1.10  25.00  7,040 

R-T400 Vertical 15.03  1.53  25.00  31,680 

R-T401 Vertical 6.92  0.70  25.00  2,640 

R-T402 Vertical 11.61  1.18  0.97  10,560 

R-403 Vertical 3.53  0.36  25.00  1,760 

The major equipment costs for the fermentation bioreactors used in this process design are 

shown in Table 14. The figure in P&T that was used to determine FOB’s is figure 12-56. 

Table 14:  fermentation reactors 

ID Average 

Flow Rate 

(cuft/hr) 

Number of 

Reactors 

Residence 

time (hr) 

Volume for 

one reactor 

(cubic 

meters) 

FOB cost ($) 

R100 17,926.92 15 48 1,874.34 2,400,000 
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The major equipment costs for the IBA reactor used in this process design are shown in Table 

15. The figure used from P&T to determined FOB’s is figure 12-54. 

Table 15:  IBA reactor 

ID Length (ft) Diameter (m) Pressure (psia) FOB cost ($) 

R300 20.86 3.18 15 35,200 

The major equipment costs for the distillation towers and trays used in this process design are 

shown in Table 16. The figures used from P&T to determined FOB’s are figure 15-11 for the 

shells and figure 15-13 for the trays. 

Table 16:  List of towers 

ID Material Number of 

Stages 

Tower 

Height (ft) 

Tower 

Diameter 

(ft) 

Pressure 

(psia) 

FOB cost ($) 

T200 Carbon 

Steel, Sieve 

Trays 

51 122 11.30  25 267,546 

T300 Carbon 

Steel, Sieve 

Trays 

51 122 6.82  25 502,023 

T301 Carbon 

Steel, Sieve 

Trays 

24 68 3.64  25 64,500 

T303 Carbon 

Steel, Sieve 

Trays 

11 42 3.29  25 97,775 

T400 Stainless 

Steel, Sieve 

Trays 

64 148 6.75  25 581,660 

T401 Stainless 

Steel, Sieve 

Trays 

64 148 1.72  25 342,248  
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ID Material Number of 

Stages 

Tower 

Height (ft) 

Tower 

Diameter 

(ft) 

Pressure 

(psia) 

FOB cost ($) 

T402 Stainless 

Steel, Sieve 

Trays 

64 148 10.93  25 826,740  

T403 Stainless 

Steel, Sieve 

Trays 

38 96 0.75  0.97 182,646  

The major equipment costs for the centrifuge used in this process design are shown in Table 17. 

The figure used from P&T to determined FOB’s is figure 15-47. 

Table 14:  centrifuge 

ID Type Product Flowrate 

(lb/min) 

FOB cost ($) 

C200 Solid Bowl 10742.63333 1,700,000 

The total amount for the fixed capital investment was calculated to be $56,189,937.87 for the 

year of 2013. This fixed capital investment was calculated by taking the Freight-on-board costs 

for each piece of major equipment used in the project and taking a sum. This sum is the cost for 

the Inside Battery Limits for the year of 2002 (ISBL 2002). This was then scaled up to the year 

of 2013 using chemical engineering cost indices, specifically 395.6 for 2002 and 597.3 for 2013. 

An ISBL for the year of 2013 was then calculated. Then an Outside Battery Limits cost for the 

year of 2013 (OSBL 2013) was calculated using the ISBL 2013, assuming that the OSBL 2013 

was 10% of the ISBL 2013. The Freight on Board cost for Fixed Capital Investment was 

calculated by adding ISBL 2013 and OSBL 2013 together. Then the Fixed Capital Investment 

was calculated using an Installation Factor. 

The operating cost estimate was calculated to be about 58.45 million dollars per year. The 

feedstock cost was estimated to be about 48.7 million dollar per year. The total utility costs were 
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estimated to be about 13.23 million dollars per year. The total manpower costs for this project 

were estimated to be about 5.48 million dollars per year. 

A year-to-year cost flow analysis, specifically the year-to-year cash flow for the FCI, Working 

Capital, Start-up costs, depreciation amount and depreciation tax credit are shown in Table 18.1. 

The tax rate that was used is 35%. MACRS 5 factors were used for the cash flow analysis. 

Table 18.1:  cash flow analysis part 1 

Year FCI Working 

Capital ($) 

Startup ($) Depreciation 

Amount ($) 

Depreciation 

Tax Credit 

($) 

-2 (4,376,163)     

-1 (4,376,163)     

0 (4,376,163) (9,846,368)    

1   (5,618,994) (2,625,698) 918,994  

2    (4,201,117) 1,470,391  

3    (2,520,670) 882,235  

4    (1,512,402) 529,341  

5    (1,512,402) 529,341  

6    (756,201) 264,670  

7      

8      

9      

10      

11      

12      

13      

14      
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Year FCI Working 

Capital ($) 

Startup ($) Depreciation 

Amount ($) 

Depreciation 

Tax Credit 

($) 

15      

16      

17      

18      

19      

20   5,618,994    

The year-to-year cash flow analysis, specifically the operating factor, revenue, variable costs, 

fixed costs, and total expenses are shown in Table 18.2. 

Table 18.2:  cash flow analysis part 2 

Year Operating 

Factor 

Revenue ($) Variable Costs 

($) 

Fixed Costs ($) Total Expenses 

(including 

Startup) ($) 

1 50% 46,286,717 26,481,693  5,482,173  37,582,860  

2 90% 83,316,090 47,667,047  5,482,173  53,149,220  

3 100% 92,573,434  52,963,385  5,482,173  58,445,559  

4 100% 92,573,434  52,963,385  5,482,173  58,445,559  

5 100% 92,573,434  52,963,385  5,482,173  58,445,559  

6 100% 92,573,434  52,963,385  5,482,173  58,445,559  

7 100% 92,573,434  52,963,385  5,482,173  58,445,559  

8 100% 92,573,434  52,963,385  5,482,173  58,445,559  

9 100% 92,573,434  52,963,385  5,482,173  58,445,559  

10 100% 92,573,434  52,963,385  5,482,173  58,445,559  

11 100% 92,573,434  52,963,385  5,482,173  58,445,559  

12 100% 92,573,434  52,963,385  5,482,173  58,445,559  
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Year Operating 

Factor 

Revenue ($) Variable Costs 

($) 

Fixed Costs ($) Total Expenses 

(including 

Startup) ($) 

13 100% 92,573,434  52,963,385  5,482,173  58,445,559  

14 100% 92,573,434  52,963,385  5,482,173  58,445,559  

15 100% 92,573,434  52,963,385  5,482,173  58,445,559  

16 100% 92,573,434  52,963,385  5,482,173  58,445,559  

17 100% 92,573,434  52,963,385  5,482,173  58,445,559  

18 100% 92,573,434  52,963,385  5,482,173  58,445,559  

19 100% 92,573,434  52,963,385  5,482,173  58,445,559  

20 100% 92,573,434  52,963,385  5,482,173  52,826,565  

The year-to-year cash flow analysis, specifically the tax liability, cash flow, cumulative cash 

flow with no interest, discount factor at 10% interest, present value at 10% interest, and the 

cumulative present value at 10% interest are shown in Table 18.3. 

Table 18.3:  cash flow analysis part 3 

Year Tax 

Liability 

($) 

Cash Flow 

($) 

Cumulative 

Cash Flow 

($) 

Discount 

Factor 

10 

Present 

Value 10 ($) 

Cumulative 

Present 

Value 10 ($) 

-2   (4,376,163) (4,376,163) 1.21  (5,295,158) (5,295,158) 

-1   (4,376,163) (8,752,327) 1.10  (4,813,780) (10,108,937) 

0   (14,222,531) (22,974,858) 1.00  (14,222,531) (24,331,468) 

1 3,046,350  38,513. (22,936,344) 0.91  35,012  (24,296,456) 

2 10,558,405 19,608,466 (3,327,879) 0.83  16,205,344 (8,091,113) 

3 11,944,756 22,183,119 18,855,240 0.75  16,666,506 8,575,393  

4 11,944,756 22,183,119 41,038,359 0.68  15,151,369 23,726,761 

5 11,944,756 22,183,119 63,221,478  0.62  13,773,971 37,500,733 

6 11,944,756 22,183,119 85,404,597 0.56  12,521,792 50,022,525 
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Year Tax 

Liability 

($) 

Cash Flow 

($) 

Cumulative 

Cash Flow 

($) 

Discount 

Factor 

10 

Present 

Value 10 ($) 

Cumulative 

Present 

Value 10 ($) 

7 11,944,756 22,183,119 107,587,715 0.51  11,383,448 61,405,973  

8 11,944,756 22,183,119 129,770,834 0.47  10,348,589 71,754,561 

9 11,944,756 22,183,119 151,953,953 0.42  9,407,808 81,162,369 

10 11,944,756 22,183,119 174,137,072 0.39  8,552,553 89,714,922 

11 11,944,756 22,183,119 196,320,191 0.35  7,775,048 97,489,970 

12 11,944,756 22,183,119 218,503,310 0.32  7,068,225 104,558,195 

13 11,944,756 22,183,119 240,686,428 0.29  6,425,659 110,983,854  

14 11,944,756 22,183,119 262,869,547 0.26  5,841,509 116,825,363  

15 11,944,756 22,183,119 285,052,666 0.24  5,310,462 122,135,825 

16 11,944,756 22,183,119 307,235,785 0.22  4,827,693 126,963,518 

17 11,944,756 22,183,119 329,418,904 0.20  4,388,812 131,352,330  

18 11,944,756 22,183,119 351,602,023 0.18  3,989,829 135,342,159 

19 11,944,756 22,183,119 373,785,141 0.16  3,627,117 138,969,276 

20 13,911,404 31,454,459 405,239,600 0.15  4,675,505 143,644,781 

The IRR for this project is calculated to be about 47.78%, and the net present value at 10% 

interest is calculated to be about 143.64 million dollars. 

The economic sensitivity analysis for this project is shown in Table 19. 

Table 19:  economic sensitivities analysis  

Case NPV10 

(MM$) 

IRR Percent 

Difference in 

NPV10 

Percent 

Difference in IRR 

Base 143.64 47.78% 0 0 

+10% ISBL 137.96 43.90% 3.958 8.124 

-20 c/lb 1,3-PDO price 90.74 35.98% 36.830 24.700 
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-10 c/lb Acetic Acid price 136.77 46.33% 4.786 3.039 

-10 c/lb Formic Acid 

price 

139.07 46.82% 3.185 2.013 

-15 c/lb Lactic Acid price 141.74 47.38% 1.326 0.841 

-20 c/lb Succinic Acid 

price 

141.12 47.25% 1.758 1.113 

+50 c/1000gal water cost 143.64 47.78% 0.003 0.004 

+10 c/lb IBA cost 142.32 47.51% 0.922 0.569 

+10 c/lb Potassium 

Dihydrogen Phosphate 

cost 

135.87 46.14% 5.413 3.437 

+10 c/lb Ammonium 

Sulfate cost 

138.46 46.69% 3.609 2.285 

+5 c/lb Calcium Chloride 

cost 

143.52 47.75% 0.087 0.067 

+50 c/lb cobalt (II) 

chloride cost 

143.59 47.77% 0.038 0.025 

+5 c/lb Magnesium 

Sulfate cost 

143.13 47.67% 0.358 0.234 

+10 c/MBtu Cooling 

water cost 

143.32 47.72% 0.226 0.130 

+100 c/MBtu Steam Cost 135.95 46.16% 5.357 3.395 

A tornado plot, showing how changing the prices of various aspects of the project will negatively 

affect the IRR of the project, is shown in Figure 11. 
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Figure 11:  Tornado plot for IRR 

A tornado plot, showing how changing the prices of various aspects of the project will negatively 

affect the NPV10 of the project, is shown in figure 12 
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Figure 12:  Tornado plot for NPV10 

X. Global Impacts 

The effects of constructing and operating this chemical plant are great in number. First of all, the 

construction of the plant will bring business to the construction companies that choose to take the 

respective contracts. The operation of the chemical plant will employ local operators, thus 

bringing in money into Kansas City, stimulating the local economy. The revenue generated by 

the plant will be subjected to federal, state, and local taxes, thus contributing to the improvement 

of the surrounding communities. The use of glycerol to manufacture a feedstock for the 

production of plastics and antifreeze products will diversify the production of plastics and 

antifreeze products away from the use of crude oil to manufacturing these products. 
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+10 c/lb Isobutyraldehyde cost

+5 c/lb Magnesium Sulfate cost

+10 c/MBtu Cooling water cost
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+50 c/lb Colbalt (II) Chloride cost

+50 c/1000gal water cost
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XI. Conclusions and Recommendations 

The design problem specified for this process was successfully addressed by creating a 

simulation that uses 100 MMlb/yr of glycerol to create 51 MMlb/yr of 1,3-PDO through the 

utilization of K. pneumoniae and an anaerobic fermentation process. This simulation design was 

evaluated to test for economic viability, and it was found to be economically viable, as it leads to 

an IRR of above 20%, specifically an IRR of roughly 48%. These conclusions lead to a 

recommendation of continued investigation and possible future implementation of the design on 

a large scale. There is still much that can/should be further specified prior to a moving forward 

with the actual building of a chemical plant. However, the early signs indicate a process that will 

represent a good return on investments.  

XII. Future Work 

Future work on this process should include an investigation based on the alternative designs 

mentioned in Section VI. An independent investigation of the fermentation process should also 

be conducted in order to establish values that are not based on a third party’s research. In 

addition, pricing quotes should be obtained for all equipment and the chemical components being 

bought or sold. A more detailed analysis of each unit operation should be conducted. After this, 

smaller scale units can be created and tested. Eventually a full-scale plant could be created, 

should the results of the various tests continue to indicate the process as one that has economic 

viability. 
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XV. Appendices 

HAZOP 

Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

Flash Drum F200 Pressure Less Lower feed drum 

temperature. 

Higher liquid level Additional H2 and 

CO2 in the process 

  

Leakage in the flash 

drum 

Lower CO2 and H2 

vapor recovered at 

the top of flash 

drum 

Additional H2 and 

CO2 in the process 

  

More Higher feed 

temperature 

Lower liquid Level Less product 

recovered 

  

Blockage in vapor 

stream 

Risk of drum 

explosion 

   

Level Low Blockage in inlet 

stream 

No separation 

occurs 

   

The inlet stream is 

too hot 

No separation 

occurs. 

The pump might be 

damaged 

  

High Inlet stream too cold No separation 

occurs. 

   

Blockage in vapor 

stream 

Risk of drum 

explosion 

   

Flow Low Valve fully open Components are not 

fully separated 

Bad product purity   
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

High Valve opening too 

small 

Flow of the product 

too slow 

Damage other 

processes down 

stream 

  

Centrifuge C200 Level Low Centrifuge 

unbalanced  

Damage to the 

centrifuge 

Might shut down 

the whole process 

  

  High Centrifuge 

unbalanced  

Damage to the 

centrifuge 

Might shut down 

the whole process 

  

 Temperature       

  More Speed of centrifuge 

is too high 

Damage to 

centrifuge 

Might shut down 

the whole process 

  

        

 Speed of 

rotation 

Less Power variation 

Too much feed 

Poor separation Poor product purity   

  More  Power variation 

Too little feed 

Damage to 

centrifuge 

   

Pump P200 Pressure       

  Less Inlet stream too 

small 

Pump cavitates Damage to pump   

  More Inlet stream too large Deadhead pump Damage to pump   

 Temperature       

  More Inlet stream comes 

in too hot. 

Overheat pump Damage to pump   
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

Ethanol Tower 

T200 

Level       

  Low Clogged or leaking 

input pipe. 

Back flow of 

material 

Level decrease in 

vessel 

Poor product purity   

  High Clogged output pipe. Overpressure of 

reflux drum 

Condensed liquid 

flow back to 

distillation. 

Poor product purity   

 Flow       

  Low Pipe plugged or 

leaking 

Level decrease 

Off spec product 

Back flow 

   

  High High pressure from 

pump 

Flooding Poor product purity   

 Temperature       

  Less High incoming flow 

form refrigeration 

cycle 

Off spec product.    
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

  More Low incoming flow 

from refrigeration 

cycle 

Off spec product    

Heat exchanger 

H201 

Pressure Less Increased flow from 

inlet 

Plugged outlet pipe 

Damage to the heat 

exchanger 

 

Poor product purity   

  More Plugged or leaking 

inlet pipe 

Poor heat exchange    

        

 Temperature       

  Less High incoming flow 

form refrigeration 

cycle 

 

Off spec product    

  More Low incoming flow 

from refrigeration 

cycle 

Plugged or leaking 

pipe 

Damage to heat 

exchanger 

explosion   

CO2 & H2 Flash 

Drum F201 

Pressure       

  Less Lower feed drum 

temperature. 

Higher liquid level Additional H2 and 

CO2 in the process 
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

   Leakage in the flash 

drum 

Lower CO2 and H2 

vapor recovered at 

the top of flash 

drum 

Additional H2 and 

CO2 in the process 

  

  More Higher feed 

temperature 

Lower liquid Level Less product 

recovered 

  

   Blockage in vapor 

stream 

Risk of drum 

explosion 

   

 Level       

  Low Blockage in inlet 

stream 

No separation 

occurs 

   

   The inlet stream is 

too hot 

No separation 

occurs. 

The pump might be 

damaged 

  

Compressor C501 Pressure       

  Less Poor flow 

Blocked, leaking 

incoming pipe 

Poor cooling of 

coolant 

   

  More Blocked outgoing 

pipe 

Impurities in fluid 

Damage to 

compressor 

   

 Temperature       

  More Impurities in fluid Damage to 

compressor 
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

Poor cooling of 

coolant 

        

 Vibrations       

  Too high High flow Damage to the 

compressor 

   

        

Compressor C502 Pressure       

  Less Poor flow 

Blocked, leaking 

incoming pipe 

Poor cooling of 

coolant 

 

   

  More Blocked outgoing 

pipe 

Impurities in fluid 

Damage to 

compressor 

   

 Temperature       

        

  More Impurities in fluid Damage to 

compressor 

Poor cooling of 

coolant 

   

 Vibrations       
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

  Too high High flow Damage to the 

compressor 

   

2-isopropyl-1,3-

dioxane Reactor 

R300 

Level Less Blockage/Reduced 

Feed Streams 

Less 2-isopropyl-

1,3-dioxane 

produced, Pump 

(P300) cavitates 

Damage to Pump   

  More Increased Feed 

Stream Flow 

Increased pressure, 

Reactor ruptures, 

Reagent Released 

Potential Fire, 

Release of toxic 

agents 

  

 Temperature Low Lower Inlet 

Temperature 

Reduction in 

Production 

   

   Increase in cooling Reduction in 

Production 

   

  More Higher inlet 

Temperature 

Reduction in 

Production 

   

   Cooling Failure Reduction in 

Production 

   

Pump P300 Pressure 

 

Less Inlet stream too 

small 

Pump cavitates Damage to pump   

  More Inlet stream too large Deadhead pump Damage to pump   

 Temperature More Inlet stream comes 

in too hot. 

Overheat pump Damage to pump   

Heat exchanger 

H300, H301, H302 

Pressure Less Increased flow from 

inlet 

Damage to the heat 

exchanger 
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

Plugged outlet pipe  

  More Plugged or leaking 

inlet pipe 

Poor heat exchange    

 Temperature Less Increased coolant 

flow 

Decreased 

Temperature, close 

to water freezing 

point 

Equipment 

damaged/release of 

toxic agents 

  

   Decreased hot 

stream flow 

Decreased 

Temperature, close 

to water freezing 

point 

Equipment 

damaged/release of 

toxic agents 

  

  More Decreased coolant Increased 

Temperature 

Reduced separation 

in Decanter D300 

  

   Increased hot stream 

flow 

Increased 

Temperature 

Reduced Separation 

in Decanter D300 

  

Decanter D300, 

D301, D302 

Pressure Less Decreased inlet 

temperature 

Vacuum Introduction of 

Oxygen to 

flammable material 

  

  More Increase inlet 

temperature 

Unit operation 

rupture 

Potential fire, 

release of toxic 

agents 

  

Reactive 

separation tower 

T300 (includes 

R301, P301) 

Flow Less Decreased output 

flow 

Increased tower 

pressure 

Damage tower, 

release of 

flammable/toxic 

agents 
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

  More Increased output 

flow 

Inefficient flooding Damage equipment   

 Temperature Less Increased coolant 

flow, Decreased 

steam flow 

Off spec product    

  More Decreased coolant 

flow, Increased 

steam flow 

Off spec product, 

increased pressure 

Tower rupture, 

release of 

flammable/toxic 

agents 

  

Isobutyraldehyde 

and water 

separation tower 

T301 

Flow Less Decreased output 

flow 

Increased tower 

pressure 

Damage tower, 

release of 

flammable/toxic 

agents 

  

  More Increased output 

flow 

Inefficient flooding Damage equipment   

 Temperature Less Increased coolant 

flow, Decreased 

steam flow 

Off spec product    

  More Decreased coolant 

flow, increased 

steam flow 

Off spec product, 

increased pressure 

Tower rupture, 

release of 

flammable/toxic 

agents 

  

Recycle heat 

exchanger H303, 

H304, 

Pressure Less Increased flow from 

inlet 

Plugged outlet pipe 

Damage to the heat 

exchanger 
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

  More Plugged or leaking 

inlet pipe 

Poor heat exchange    

 Temperature Less Increased coolant 

flow 

Decreased 

Temperature 

Decrease efficiency 

of reactors (R300 

and R100 

respectively) 

  

   Decreased hot 

stream flow 

Decreased 

Temperature 

Decrease efficiency 

of reactors (R300 

and R100 

respectively) 

  

  More Decreased coolant Increased 

Temperature 

Decrease efficiency 

of reactors (R300 

and R100 

respectively) 

  

   Increased hot stream 

flow 

Increased 

Temperature 

Decrease efficiency 

of reactors (R300 

and R100 

respectively) 

  

Pump 400 (P400) Pressure More Inlet stream too large Deadhead pump Damage to the 

pump 

  

  Less Inlet stream too 

small 

Cavitation within 

the pump 

Damage to the 

pump 

  

 Temperature More Inlet stream too hot Overheat the pump Damage to the 

pump 
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

Tower 400 (T400), 

separates Formic 

Acid off the top 

Temperature More Increased stream 

flow, or decreased 

coolant flow 

Product that does 

not meet 

specifications, and 

increased pressure 

in the tower 

Tower rupture, 

release of 

flammable/toxic 

agents 

  

  Less Decreased stream 

flow, or increased 

coolant flow 

Product that does 

not meet 

specifications 

Tower collapse, 

release of 

flammable/toxic 

agents 

  

 Flow More Increased output 

flow 

Inefficient flooding Damage equipment   

  Less Decreased output 

flow 

Increased tower 

pressure 

Damage tower, 

release of 

flammable/toxic 

agents 

  

Tower 401 (T401), 

separates Acetic 

Acid off the top 

Temperature More Increased stream 

flow, or decreased 

coolant flow 

Product that does 

not meet 

specifications, and 

increased pressure 

in the tower 

Tower rupture, 

release of 

flammable/toxic 

agents 

  

  Less Decreased stream 

flow, or increased 

coolant flow 

Product that does 

not meet 

specifications 

Tower collapse, 

release of 

flammable/toxic 

agents 

  

 Flow More Increased output 

flow 

Inefficient flooding Damage equipment   
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

  Less Decreased output 

flow 

Increased tower 

pressure 

Damage tower, 

release of 

flammable/toxic 

agents 

  

Tower 402 (T402), 

separates 1,3-PDO 

off the top 

Temperature More Increased stream 

flow, or decreased 

coolant flow 

Product that does 

not meet 

specifications, and 

increased pressure 

in the tower 

Tower rupture, 

release of 

flammable/toxic 

agents 

  

  Less Decreased stream 

flow, or increased 

coolant flow 

Product that does 

not meet 

specifications 

Tower collapse, 

release of 

flammable/toxic 

agents 

  

 Flow More Increased output 

flow 

Inefficient flooding Damage equipment   

  Less      

Tower 403 (T403), 

separates Lactic 

Acid off the top 

and Succinic Acid 

off the bottom 

Temperature More Increased stream 

flow, or decreased 

coolant flow 

Product that does 

not meet 

specifications, and 

increased pressure 

in the tower 

Tower rupture, 

release of 

flammable/toxic 

agents 

  

  Less Decreased stream 

flow, or increased 

coolant flow 

Product that does 

not meet 

specifications 

Tower collapse, 

release of 

flammable/toxic 

agents 

  



P a g e  | 155 

 

Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

 Flow More Increased output 

flow 

Inefficient flooding Damage equipment   

  Less Decreased output 

flow 

Increased tower 

pressure 

Damage tower, 

release of 

flammable/toxic 

agents 

  

Parallel Batch 

Fermenters 

(Modeled as single 

RStoich reactor; 

R100) 

Flow As well as Deviation in 

concentration 

coming from 

recycled water or 

feedstocks 

Differing 

concentration in 

reactor, potentially 

harmful 

environment for 

bacteria 

Contamination or 

deviation of ratios 

of products; death of 

bacteria 

Product 

deviations 

 

 Level More Excess material 

added from streams 

104,105, or 107 

(Valves fail to  

close) 

Higher content level 

in reactor; 

potentially harmful 

environment for 

bacteria 

Contamination or 

deviation of ratios 

of products; death of 

bacteria 

High level 

indicator, 

high flows 

indicated in 

inlet streams 

 

    Rupture of vessel Release of 

chemicals and 

bacteria 

High level 

indicator, 

high flows 

indicated in 

inlet streams 

 

   Drain valves fail to 

open 

Higher content level 

in reactor; 

potentially harmful 

Contamination or 

deviation of ratios 

of products; death of 

bacteria 

High level 

indicator, 

lack of flow 

in drain pipe 
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

environment for 

bacteria 

    Rupture of vessel Release of 

chemicals and 

bacteria 

High level 

indicator 

 

  Less Rupture of  

fermenter 

Damage to vessel Release of 

chemicals and 

bacteria 

Low level 

indicator, 

level 

continues to 

decline 

 

   Insufficient material 

added from streams 

104,105, or 107 

(Valves closed 

prematurely) 

Lower content level 

in reactor; 

potentially harmful 

environment for 

bacteria  

Contamination or 

deviation of ratios 

of products; death of 

bacteria 

Low level 

indicator 

 

   Valve to stream 108 

not closed 

Lower level in 

reactor, potentially 

won’t allow for full 

reaction to occur 

Premature draining 

of fermenter, lack of 

consistent products 

Low level 

indicator, 

flow detected 

in 108 

 

 Pressure More Overfilled Reactor Higher content level 

in reactor; 

potentially harmful 

environment for 

bacteria 

Contamination or 

deviation of ratios 

of products; death of 

bacteria 

High 

Pressure 

gauge 

reading, high 

level 

 

    Rupture of vessel Release of 

chemicals and 

bacteria 

High 

Pressure 

gauge 
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

reading, high 

level 

   Failure to vent built 

up gases 

Rupture of vessel Release of 

chemicals and 

bacteria 

High 

Pressure 

gauge 

reading, lack 

of flow in 

vent  

 

    Toxic environment 

for bacteria 

Contamination or 

deviation of ratios 

of products; death of 

bacteria 

High 

Pressure 

gauge 

reading, lack 

of flow in 

vent 

 

   Increased 

Temperature 

Rupture of vessel Release of 

chemicals and 

bacteria 

High 

Pressure 

gauge 

reading, high 

temp reading 

 

    Harmful 

environment for 

bacteria 

Contamination or 

deviation of ratios 

of products; death of 

bacteria 

High 

Pressure 

gauge 

reading, high 

temp reading 

 

  Less Rupture of vessel Damage to vessel Release of 

chemicals and 

bacteria 

Low pressure 

reading, low 

level  
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

 Temperature More Cooling system 

malfunction 

Rupture of vessel Release of 

chemicals and 

bacteria 

High temp 

reading 

 

    Harmful 

environment for 

bacteria 

Contamination or 

deviation of ratios 

of products; death of 

bacteria 

High temp 

reading 

 

   Unexpected 

exothermic reaction 

taking place 

Rupture of vessel Release of 

chemicals and 

bacteria 

High temp 

reading 

 

    Harmful 

environment for 

bacteria 

Contamination or 

deviation of ratios 

of products; death of 

bacteria 

High temp 

reading 

 

  Less Cooling system 

malfunction 

Harmful 

environment for 

bacteria 

Contamination or 

deviation of ratios 

of products; death of 

bacteria 

Low temp 

reading 

 

Sanitizer S100 

 

Pressure  

 

More Increased flow from 

inlet 

Plugged outlet pipe 

Damage to the heat 

exchanger 

 

Rupture of heat 

exchanger and 

damage to other 

processes 

High 

pressure 

reading 

 

  Less Plugged or leaking 

inlet pipe 

Poor heat exchange Feed potentially not 

sanitized 

Low pressure 

reading, 

outlet 

temperature 

deviations 
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

 Temperature 

 

More 

 

Decreased cold 

stream flow 

Increased 

Temperature 

Rupture of heat 

exchanger and 

damage to other 

processes 

High 

temperature 

reading 

 

   Increased hot stream 

flow 

Increased 

Temperature 

Rupture of heat 

exchanger and 

damage to other 

processes 

High 

temperature 

reading 

 

  Less Increased cold 

stream flow 

Decreased 

Temperature 

Feed potentially not 

sanitized 

Low 

temperature 

reading 

 

   Decreased hot 

stream flow 

Decreased 

Temperature 

Feed potentially not 

sanitized 

Low 

temperature 

reading 

 

Post-Sanitizer 

Cooling H100 

 

Pressure  

 

More Increased flow from 

inlet 

Plugged outlet pipe 

Damage to the heat 

exchanger 

 

Rupture of heat 

exchanger and 

damage to other 

processes 

High 

pressure 

reading 

 

  Less Plugged or leaking 

inlet pipe 

Poor heat exchange Feed potentially not 

cooled to reactor 

temperatures, death 

of bacteria 

Low pressure 

reading, 

outlet 

temperature 

deviations 

 

 Temperature 

 

More 

 

Decreased cold 

stream flow 

Increased 

Temperature 

Rupture of heat 

exchanger and 

damage to other 

processes 

High 

temperature 

reading 
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Equipment 

reference and 

operation 

conditions 

Process 

parameter 

Deviations 

from 

operation 

conditions 

What event could 

cause this 

deviation? 

Consequences of 

this deviation on 

item of equipment 

under 

consideration 

Additional 

implications of this 

consequence 

Process 

indications 

Notes and 

questions 

   Increased hot stream 

flow 

Increased 

Temperature 

Rupture of heat 

exchanger and 

damage to other 

processes 

High 

temperature 

reading 

 

  Less 

 

Increased cold 

stream flow 

Decreased 

Temperature 

Feed potentially not 

cooled to reactor 

temperatures, death 

of bacteria 

Low 

temperature 

reading 

 

   Decreased hot 

stream flow 

Decreased 

Temperature 

Feed potentially not 

cooled to reactor 

temperatures, death 

of bacteria 

Low 

temperature 

reading 

 

        

        

 

 



P a g e  | 161 

 

SDS’s 

"Acros Organics." Acros Organics. Thermo Fisher Scientific, 29 Apr. 2014. Web. 06 Apr. 2016. 

<http://www.acros.com/portal/alias__Rainbow/lang__en/tabID__21/DesktopDefault.aspx

>.  

"MATERIAL SAFETY DATA SHEET Water." Acros Organics. Thermo Fisher Scientific, 29 

Apr. 2014. Web. 06 Apr. 2016. 

<http://www.acros.com/portal/alias__Rainbow/lang__en/tabID__21/DesktopDefault.aspx

>.  

"MATERIAL SAFETY DATA SHEET Succinic Acid." Sigma-Aldrich.com. Sigma-Aldrich, 11 

Apr. 2004. Web. 06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  

"SAFETY DATA SHEET IBA." Sigma-Aldrich.com. Sigma-Aldrich, 18 Oct. 2006. Web. 06 

Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  

"SAFETY DATA SHEET Magnesium Sulfate Heptahydrate." Sigma-Aldrich.com. Sigma-

Aldrich, 22 July 2015. Web. 06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  

"SAFETY DATA SHEET Potassium Phosphate Monobasic." Sigma-Aldrich.com. Sigma-

Aldrich, 9 Feb. 2015. Web. 06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  



P a g e  | 162 

 

"SAFETY DATA SHEET Potassium Phosphate Dibasic Trihydrate." Sigma-Aldrich.com. 

Sigma-Aldrich, 5 June 2015. Web. 06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  

"SAFETY DATA SHEET Glycerol." Sigma-Aldrich.com. Sigma-Aldrich, 14 Jan. 2015. Web. 

06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  

"SAFETY DATA SHEET Ethanol." Sigma-Aldrich.com. Sigma-Aldrich, 9 July 2015. Web. 06 

Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  

"SAFETY DATA SHEET Cobalt (II) Chloride Hexahydrate." Sigma-Aldrich.com. Sigma-

Aldrich, 29 July 2015. Web. 06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  

"SAFETY DATA SHEET Calcium Chloride Dihydrate." Sigma-Aldrich.com. Sigma-Aldrich, 29 

Dec. 2015. Web. 06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  

"SAFETY DATA SHEET 1,3-Propanediol." Sigma-Aldrich.com. Sigma-Aldrich, 21 July 2015. 

Web. 06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  

"SAFETY DATA SHEET Ammonium Sulfate." Sigma-Aldrich.com. Sigma-Aldrich, 5 Jan. 

2015. Web. 06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  



P a g e  | 163 

 

"SAFETY DATA SHEET Propane." Sigma-Aldrich.com. Sigma-Aldrich, 3 Feb. 2015. Web. 06 

Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  

"SAFETY DATA SHEET Lactic Acid." Sigma-Aldrich.com. Sigma-Aldrich, 13 Jan. 2015. 

Web. 06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  

"SAFETY DATA SHEET Isobutyraldehyde." Sigma-Aldrich.com. Sigma-Aldrich, 30 Apr. 

2015. Web. 06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>.  

"MATERIAL SAFETY DATA SHEET Succinic Acid." Fishersci.com. Fisher Scientific, 9 July 

2014. Web. 6 Apr. 2016. 

<http://www.fishersci.com/shop/msdsproxy?productName=BP336500&productDescripti

on=SUCCINIC ACID 500G&catNo=BP336-

500&vendorId=VN00033897&storeId=10652>.  

"Hydrogen, Compressed Safety Data Sheet." Praxair.com. PRAXAIR, 6 Mar. 2015. Web. 6 Apr. 

2016. <http://www.praxair.com/~/media/praxairus/Documents/SDS/Hydrogen/Hydrogen 

Gas H2 Safety Data Sheet SDS P4604.pdf?la=en>. 

"SAFETY DATA SHEET Formic Acid." Sigma-Aldrich.com. Sigma-Aldrich, 25 Aug. 2015. 

Web. 06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>. 

"SAFETY DATA SHEET Potassium Phosphate, Dibasic." Fishersci.com. Fisher Scientific, 25 

Aug. 2015. Web. 6 Apr. 2016. 



P a g e  | 164 

 

<https://www.fishersci.com/shop/msdsproxy?productName=AC215470010&productDes

cription=POTASSIUM PHOSPHATE, DIB 1KG&catNo=AC21547-

0010&vendorId=VN00032119&storeId=10652>. 

"Safety Data Sheet Carbon Dioxide, Gas." Mathesongas.com. MATHESON TRI-GAS, 10 Dec. 

2015. Web. 6 Apr. 2016. <https://www.mathesongas.com/pdfs/msds/MAT04260.pdf>. 

"SAFETY DATA SHEET Acetic Acid." Sigma-Aldrich.com. Sigma-Aldrich, 23 June 2015. 

Web. 06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>. 

"SAFETY DATA SHEET 2-ISOPROPYL-1,3-DIOXANE." Sigma-Aldrich.com. Sigma-

Aldrich, 31 July 2014. Web. 06 Apr. 2016. 

<http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=US>. 

 


	University of Wyoming
	Wyoming Scholars Repository
	Spring 2016

	Glycerol to 1,3-Propanediol Through Anaerobic Fermentation
	Graham Wallace
	Rex Bagley
	Christian McWorkman
	Spencer Nelson
	Recommended Citation


	tmp.1463074445.pdf.xZGHL

