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Abstract 

Among recently proposed production routes for mass chemicals from renewable resources 

the preparation of oxidized C6 chemicals, such as adipic acid, from glucose seems particularly at-

tractive: On the one hand the natural C6 chain including functionality is preserved. On the other 

hand, linear C6 chemicals that are currently produced from mineral oil, require high efforts and 

inefficiencies if produced from alternative resources, such as natural gas.  

From patent literature it can be concluded that Rennovia Inc. owns a leading technology for 

manufacturing adipic acid from glucose. In a previous project a Aspen Plus® Simulation for the 

two-step synthesis of adipic acid was built upon the Rennovia patent. The aim of this project is to 

complement the previous one, particularly regarding separation and purification of adipic acid 

(Chapter 3.3.1), recovery of acetic acid (Chapter 3.3.2), and an overall optimization of heat integra-

tion (Chapter 3.3.3). 

Separation of adipic acid seems feasible by crystallization, conserving a high process yield 

of 98.1 % respect the previous one (99.4 %). Moreover, a conceptual process design of adipic acid 

separation including solvent (acetic acid) recovery is presented. However, high capital cost must be 

invested for the construction of the new sections of the process plant. 
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Used symbols and abbreviations 

Chapter 4.1: 

 

𝑌𝑘,𝑖        -                         Yield of substance i from substance k 

𝑛̇𝑖,𝑡        kmol/s             Molar flow of substance i at the time t 

𝑣𝑖        -                         Stoichiometric coefficient of substance i 

 

 

Chapter 4.2 and Appendix: 

 

A m2 Area  

π - Pi number 

r m Radio 

P atm Pressure 

v L Volume 

f-Factor kg0.5m1.5s-1 f-Factor 

u ms-1 Gas velocity 
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1 Introduction and motivation 

Nowadays, there is an important focus on replacing today's fossil-based economy with a 

more sustainable, biomass-based economy. In order to achieve this environmentally friendly goal, 

the target will be the development of new bio-refinery systems. These systems should process bio-

based raw materials with high efficiency and cost-effectiveness to a wide variety of biofuel-based 

products and should allow successful integration into existing infrastructure in order to reduce costs. 

Bio-based chemicals and polymers have recently gained strength due to the rise in oil prices 

and consumer demand. Renewable resources are becoming more important in the industry, includ-

ing bio-based chemicals and polymers area. For that reason, it is becoming an attractive area for 

investment [1]. 

It is certain that humankind’s activities are the responsible for exhaustion of planet resources 

and pollution; nevertheless, chemical industry contributes to the mentioned problems as well as to 

the way of solving them. 

This focus on achieving a biomass-based economy has emerged from different reasons. For 

example, the following topics and developments have gained especially in significance [2]: 

- The pressure on companies to reduce pollution or create environmentally friendly processes 

has increased due to this new emphasis on environmental issues. 

- Globalization has changed: now solid polymers rather than petrochemical feedstocks are 

exported from Middle East. 

- There has been discovered wide reserves of shale gas in the United States and other countries 

that have changed the prediction of exhaustion. 

- Important problems as climate change and sustainability have become a driving force for the 

investigation of new processes that come from renewable resources or produce less or no 

carbon dioxide. 

In the first place, most of the problems have arisen from building of excess capacity (which 

has led to strong competition) and low prices. Another important reason is that nowadays lot of new 

countries have joined the industry world, which means that bigger amount of sources is needed. In 

addition, there has been much stricter government legislation whose purpose is to care for the envi-

ronment and not to deplete the raw materials. 
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Some restructuring of the manufacturing of chemicals are carried out worldwide, mainly in 

areas such as United States, Western Europe and Japan. However, Middle East and Southeast Asia 

are starting acting the same way.  

In the meantime, some things have not changed. The organic chemicals industry is still based 

on seven basic raw materials all deriving from petroleum and natural gas: olefins-ethylene (propyl-

ene and the C4 olefins; which are butadiene, isobutene, 1- and 2-butenes), aromatics-benzene (tolu-

ene and the xylenes; which are orto, meta and para) and one alkane (methane) [2]. 

In petrochemical manufacturing industry, the most common feedstocks are naphtha and light 

gas oil. Both of them are produced from oil refining processes and individual gases such as ethane, 

propane and butane, which come from natural gas liquids. Natural gas liquids are composed by a 

complex mixture of hydrocarbons and exist under the ground in a liquid state along with methane. 

This mixture of natural gas liquids and methane is labelled as natural gas [3]. 

 Pushed by environmental issues, there has been a huge improvement in bio-based production 

routes from renewable raw materials to commercial goods in the last years. Specifically, organic 

acids production has improved and has become a competitive field, due to their multiple uses, such 

as commodity chemicals or polymer building blocks.  

 Organic acids are part of biotechnological goods. First time that acetic and citric acids were 

produced was in 1823 and 1913 respectively [4]. Since that moment the amount of production has 

increased continuously owing to bigger demand, and more applications have been discovered which 

leads to different types of organic acids of biosynthetic origin. In addition to food and feed uses, 

organic acids are produced as bi-functional monomers. For 

example, di-carboxylic acids are used for the production of 

polyamides with advanced material properties, while acids 

with additional keto- or hydroxyl-groups are used as build-

ing blocks for polyesters [4]. 

From all of the organic acids, one of the most im-

portant acid to emphasize on is the adipic acid. Adipic acid, 

also known as hexanedioic acid (C6H10O4), is the most im-

portant commercial aliphatic dicarboxylic acid. The world-

wide production of adipic acid was estimated for 2011 as 
Figure 1. European adipic acid prices [5]. 
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3.3 million of tons (the prize had increased during the previous years, at it is shown in Figure 1) [6]. 

It is found as odorless, colorless crystals with an acidic taste. Almost 90 percent of adipic acid 

produced is used in the production of nylon 66, which was first produced in 1930s by W.H. Caroth-

ers of DuPont. The nylon, which has a protein-like structure, is further processed into fibers for 

applications in carpeting, automobile tire cord, and clothing. Adipic acid is also used to manufacture 

plasticizers and lubricant components [6]. 

In addition to the production of nylon-6,6 polyamide, adipic acid is also used in order to 

produce polyester polyols, lubricant components as well as polyurethanes as a reactant to form plas-

ticizers. Other purposes of the adipic acid can be using it as a food ingredient in desserts, or other 

kind of foods that require acidulation. 

Currently, several industrial-scale chemical plants have been built with the purpose of pro-

ducing adipic acid. Most of it is obtained from benzene. First of all benzene is reduced to cyclohex-

ane. After that, cyclohexane is converted by two successive oxidation steps into a mixture of cyclo-

hexanone and cyclohexanol. Later this mixture reacts with air, adipic acid and nitric acids in the 

presence of vanadium catalyst.   

Adipic acid can also be made by hydrocyanation of butadiene. Later the hydroisomerization 

to adiponitrile takes place, which is hydrolyzed. N2, NO, NO2 and N2O are formed during the oxi-

dation processes and the principal byproduct is nitrous oxide. There emissions of NOx chemicals 

are an important issue to concern about from an environmental point of view, because they promote 

global warming and ozone exhaustion. Actually, 10% of the total N2O emissions to the atmosphere 

are caused by the production of adipic acid [7]. 

One of the targets that matters about chemical production of adipic acid is the reduction of 

nitrous oxide emissions to the atmosphere, in order to achieve a more sustainable process. For ex-

ample this would be achieved by N2O-decomposition in industrial conditions. Another alternative 

for adipic acid production could also be the direct oxidation of cyclohexene with aqueous 30% 

hydrogen peroxide in organic solvent- and halide-free conditions [8]. 

However, the feedstocks for adipic acid synthesis come from limited non-renewable fossil 

fuels and are very hazardous for the environment, whereas adipic acid is not very toxic. For example, 

benzene is a chemical that leads to important diseases as cancer or leukemia [8].  

Nowadays and in a close future, clean technologies and industrial biotechnology are the 
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ways of achieving economic and environmentally friendly developments. It involves also the sus-

tainable production of chemicals with energy-efficient processes and high purity outputs from bio-

renewable sources.  

On this issue, two new markets have been built: on one hand, the provision of bio-renewables 

by green biotechnology, and on the other hand, their processing by white biotechnology. Despite 

this huge progress, oil-based chemistry is still heading the economic competition, as white biotech-

nology is ecologically friendly just if the markets deal with the corresponding costs. In the picture 

below it is shown the energy production classified by markets. While oil-fired power generation has 

previously been a key contributor to power supply, its relative importance has diminished over the 

past 40 years, favoring natural gas, coal, and (in some regions) nuclear [9]. 

 

 

 

 

 

 

 

 

 

 

In the field of adipic acid, companies such as Rennovia Inc. and Verdezyne announced the 

commercial production based on renewable carbon sources on 2013/2014 and 2014/2015 respec-

tively. However, those ideas have been patented but not commercialized yet in an industrial scale. 

For that reason, the purpose of this master thesis will be the Aspen plus simulation of some pro-

cessing ideas of adipic acid announced by Rennovia, in order to check the viability of the process. 

 

 

 

 

 

Figure 2. Primary energy production by source [9]. 
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2 Literature overview 

Rennovia Inc. is a specialty 

chemical company that focuses on the 

development of processes for the pro-

duction of chemicals from renewable 

feedstocks, which was founded in 2009.  

The company works on produc-

tion of chemical products such as glu-

caric acid, adipic acid, hexamethylene-

diamine and 1,6-hexanediol. All of 

these biobased chemicals are obtained from renewable feedstocks [10]. 

Global adipic acid market volume is approximately $6 billion per year, predicted to grow at 

3 to 4 % CAGR (Compound annual growth rate) to 2022 [11]. 

There are many advantages associated to bringing petrochemical process efficiencies to bio-

based chemicals production, such as: 

- Feedstock efficiency: maximize retention of mass, maximize use of functionality and mini-

mize by-products. 

- Catalytic conversion: high process yields, capital-efficient continuous processes and proven 

scalability. 

- Isolation and purification: existing, scalable unit operations, concentrated process streams, 

and capital and energy efficient. 

Despite adipic acid production has been mainly obtained from cyclohexane and phenol, new 

environmental concerns, stricter laws and changes in the hydrocarbon market have led to environ-

mentally friendlier pathways of adipic acid production based on renewable resources such as the 

examples given in Figure 4 below. Among them is the production of adipic acid from glucose and 

fatty acids by fermentation and oxidation + hydrodeoxygenation [11]: 

 

 

                                        Figure 3. Rennovia logo. 
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Figure 4. Outline of the production routes to adipic acid, showing biobased feedstocks (green), biobased platform chemicals (light 

blue), and existing petrobased routes (grey) [11]. 

 

2.1 Rennovia process vs. Conventional process 

Rennovia is using innovative technology to adapt catalytic processes that have previously 

proven to be compatible, efficient and scalable in the refining and chemical industries. There are 

two main challenges related to the commercialization of industrial chemicals from renewable raw 

materials. On the one hand there is an important economic challenge due to the competitively inex-

pensive fossil feedstocks. In fact, sustainable technologies used for the conversion of biorenewable 

feedstocks prove to be potentially more profitable and economic than traditional petroleum-based 

chemical processes. On the other hand, there is a technical challenge which focus on operating at 

high process efficiencies in order to compete to existing petroleum-based raw materials [12]. 
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Conventional Adipic Acid Production Technology. 

Nowadays, petroleum-based adipic acid production is mainly obtained from benzene, by 

means of a multistep process, as it is shown in Figure 5 below. However, there are several issues to 

concern about involved in this process. Besides the high process complexity, it requires high energy 

consumption. Moreover, it has to deal with the production of nitroux oxide (N2O) as by-product, 

which increasses the costs and process complexity due to abatement requirements. Nitrous oxide is 

a potent greenhouse gas (GHG) which contributes to global warming over 300 times than CO2 [13]. 

 

Figure 5. Conventional adipic acid production from benzene. 

Figure 5 shows the current production of adipic acid. In the first step, the oil-derived benzene 

is hydrogenated to cyclohexane in presence of Ni/Al2O3 catalyst. After the hydrogenation step, cy-

clohexane is oxidized by air over a cobalt catalyst in order to obtain a mixture of cyclohexanol and 

cyclohexanone. This mixture is commonly known as KA-oil (ketone-alcohol oil). The conversion 

of cyclohexane in this reaction is usually very low (4-8%) because it is inversely dependent on 

selectivity. For that reason, it requires continuous distillation and recycling of cyclohexane. Finally, 

oxidation of KA-oil takes place with nitric acid. Afterwards, the desirable adipic acid is obtained, 

as well as a huge amount of undesirable nitrous oxide that requires abatement [14]. 

 

Fermentation-Based Adipic Acid Production Technology. 

Fermentation is a metabolic process commonly used in the industry which can produce al-

cohols, organic acids or gases from carbohydrates, by the activity of enzymes of microbial origin. 

The metabolic activity of the microbes take place in a bioreactor [15].  

One of the main advantages of adipic acid production by fermentation would be the variety 

of carbon sources, such us glucose, sucrose, etc. However, there are still some problems concerning 

about this process. There are some limitations due to the product toxicity or inhibition. For that 

reason, this process requires attention to the contamination and the need to maintain a sterile fer-

mentation environment. 
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Other disadvantage would be the complexity of isolation and purification of adipic acid ob-

tained from heterogeneous fermentation due to its non-volatile property, which adds costs and com-

plexity to the process. 

Regarding to economical of evaluation, the low carbon efficiency is also of paramount im-

portance, with a yield below 92 % [13]. 

 

Rennovia’s Bio-Based Adipic Acid Production Technology 

Rennovia’s proposal of an innovative and more environmentally friendly process to produce 

adipic acid from renewable feedstocks involves heterogeneous catalysis instead of fermentation. As 

it has been mentioned at the beginning of this chapter, this process includes the following ad-

vantages: 

- Feedstock efficiency: maximize retention of mass, maximize use of functionality and mini-

mize by-products. 

- Catalytic conversion: high process yields, capital efficient continuous processes and proven 

scalability. 

- Isolation and purification: existing, scalable unit operations, concentrated process streams, 

and capital and energy efficiency. 

In addition, comparing to the previous detailed technologies for adipic acid production, bio-

catalytic synthesis of adipic acid from glucose avoids two of the main problems that concern about 

industrial adipic acid production: generation of nitrous oxide as by-product of a nitric acid catalyzed 

oxidation and use of carcinogenic benzene and benzene-derived chemicals as raw materials [16]. 

This innovative process involves two catalytic steps. The first one requires an oxygenation 

reactor where the aerobic oxidation of glucose to glucaric acid takes place. The second step feeds 

the glucaric acid into a hydrodeoxygenation reactor in order to obtain adipic acid. The reactions that 

take place are shown in the Figure 5 below: 
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Figure 6. Two-step process for the conversion of glucose to adipic acid [17]. 

 

- Step 1: Selective oxidation of glucose to glucaric acid. 

In this step the problem about generation of nitrous oxide as by-product of a nitric 

acid catalyzed oxidation is avoided, because glucaric acid is currently produced at small 

commercial scale from glucose oxidation in presence of nitric acid. It is also profitable de-

spite the additional costs caused by the difficulty of handling nitric acid and the low selec-

tivity of the reaction. Moreover, glucaric acid is isolated from the reaction mixture via salt 

formation and reacidification, which increases the cost and complexity of scalability. 

For those reasons Rennovia’s process would be the best option due to ease of opera-

tion, low costs and flexibility for product isolation and purification. However, some of tech-

nical targets must be fulfilled in order to implement successfully this process, such us high 

catalyst selectivity and activity, long-term catalyst stability and proper reactor design in or-

der to operate successfully at the required conditions for favorable process economics [12]. 

For this, Rennovia has already tested the catalysts in a fixed bed reactor over 1000 hours of 

operation. The selectivity for glucaric acid and its intermediates amounted to more than 70% 

[13]. 

 

- Step 2: Selective hydrodeoxygenation of glucaric acid to adipic acid. 

In the second step glucaric acid is converted to adipic acid by the reduction of the 

C2-C5 secondary alcohol groups with hydrogen without reducing the C1 and C6 carboxylic 

acids or cleaving C-C bonds (see Figure 6). Direct catalytic reduction of alcohols to alkanes 

is not a very common reaction. However, it has become important due to its application on 

bio-oils of fatty acid derivatives conversion into hydrocarbon fuels. 
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The conventional hydrotreating constists in a petroleum refining unit operation for 

removing sulfur and nitrogen from crude oil, in order to obtain transportation fuels. One of 

the problems related to most of the employed systems is the fragmentation of the carbon 

chain owing to the use of catalyst or reaction conditions. This is can be suitable for fuel 

production, but counterproductive for adipic acid conversion from glucaric acid. 

Selective hydrodeoxygenation of C-OH bonds is a highly desirable reaction for bio-

based feedstocks conversion to specialty chemicals that are not obtained in petrochemicals 

production. For making this reaction possible is necessary the development of the catalytic 

transformation scalability. Rennovia claims to solve this challenge with the dehydration of 

each alcohol in order to produce an intermediate oleofin and after that the catalytic hydro-

genation. [12]. 

 

Rennovia has already proved long term pilot operation of adipic acid production from glu-

cose via two step catalytic processes like the ones mentioned before, as well as pilot-scale operation 

of all unit operations involved in the process [18]. 

The pilot-scale operation was announced in 2014 and created in cooperation with Johnson 

Matthey group. The division is a global supplier of catalysts, licensed technologies and other ser-

vices to the petrochemical, syngas, oil refining and gas processing industries. The successful mini-

plant is located at the Johnson Matthey Technologies R&D Center in Stockton, England. The mini-

plant is designed to allow direct scale-up for the production of 135,000 tons/year of adipic acid. 

Moreover, Rennovia foresees the first commercial-scale bio-based adipic production plant in 2018, 

also in collaboration with Johnson Matthey group [19]. 
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3 Process simulation and methods 

3.1 Basis of the simulation 

 

Figure 7. Production of bio-based adipic acid from glucose via a two-step catalytic process [20]. 

The process shown in the picture above was used as reference for a previous project of a 

simulation in Aspen Plus® [21], where production of adipic acid from glucose via a two-step cata-

lytic process takes place. The purpose of this master project will be the improvement of the existing 

chemical plant simulation, which be explained below. A patent from Rennovia [22] was used in 

order to find useful data for the simulation, but some parameters were estimated due to the lack of 

information, such us pump efficiency or heat transfer coefficient for heat exchangers. All of data 

for different chemicals were used from storage data in Aspen Plus®, except data for glucaric acid. 

The missing parameters were estimated using the method UNIFAC in CHEMCAD. 

The general process can be divided into two sub-processes. The first sub-process corre-

sponds to the oxidation of glucose in glucaric acid and its purification (which is shown in green in 

the diagram). The second sub-process shows the hydrogenation of the glucaric acid and the subse-

quent separation of glucaric acid (shown in blue in the diagram). 

Glucaric acid synthesis. The raw material is a glucose solution, which is mixed with recycled 

water at the beginning of the process. Then is heated and fed to the oxidation reactor. Oxygen is 

supplied to the reaction by feeding compressed air to the bottom of the reactor. The overhead from 

the reactor is bought to a knock-out drum, from which a liquid stream is removed and recycled to 

the reactor. The reactor’s bottom product is cooled and filtered. The glucaric acid is obtained as a 

solid and brought to rotary dryers where water is removed [20]. 

 

1.Oxidation reactor 

2.Air compressor 

3.Rotary drier 
4.Hydrogen compressor 

5.Hydrodeoxygenation reactor 

6.Expander 
7.Crude adipic acid crystalliyation 

8.Acetic acid recovery 

9.Crude adipic acid purification 
10.Refrigeration system 

11.Steam boiler 

12.Cooling tower 
 

CW Cooling water 

ST Steam 

RF Refrigerant 
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Adipic acid synthesis. Glucaric acid obtained in the first part of the process is dissolved in 

acetic acid. Later, the mixture is heated and fed to the hydrodeoxygenation reactor, where glucaric 

acid and hydrogen react at high pressure conditions. From the top of the reactor it is obtained a 

hydrogen-rich stream, which is partially condensed. The condensed part (light byproducts) is burned 

as fuel, and the gaseous stream is recycled to the hydrogen compressor. The product obtained from 

the bottom of the reactor is expanded in a turbo generator, producing electricity. Later, this product 

is directed to a knock-out drum, where a hydrogen-rich stream and a liquid stream are separated. 

The hydrogen-rich gaseous phase is recycled to the hydrogen compressor, and the liquid phase 

(composed mainly by acetic acid, adipic acid and water) is bought to a crystallizer. After the crys-

tallizer, the product is fed to a rotary dryer to obtain adipic acid. The evaporated acetic acid and the 

mother liquor from the filter are fed together to an extractive distillation system. In this way, acetic 

acid is separated from water and recycled to the hydeodeoxygenation feed mixer. Crude adipic acid 

obtained from the rotary dryer must be dissolved in water and subjected to further crystallization, 

filtering and drying in order to achieve fiber-grade purity [20]. 

 

3.2 Description of the simulation 

The previous simulation was carried on according to a Rennovia’s patent research, but 

mainly according to the patent US 9,434,709 B2 [22]. Below it is shown in the following tables the 

explanation of the different streams and unit operations involved in the process: 

Table 1. Naming of streams (YY for numbering). 

Streams’ Nomenclature Description Explanation 

YY-FEED Supply of reactants Coming from the left 

YY-S Main stream Ascending numbering towards product 

YY-R Recycle streams E.g. RG-YY for the gas recirculation in the second sub-

process and RYY for the water recycling in the first sub-

process 

YY-P Purge streams Removed to the right 

YY-GAS Gas stream Recirculation in the first sub-process 

YY-H2 Hydrogen feed 

streams 

Starting from FEED-H2 via 2 compressor stages, a heat 

exchanger and a mixing point to the reactor RHYD 
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YY-AIR Air supply streams Starting from FEED-AIR via a compressor stage and a 

heat exchanger 

YY-HD Inlet heating/co-

oling medium 

Steam/Water 

YY-KD Outlet heating/co-

oling medium 

Steam/Water 

YY-Q Heat integration 

flows 

Use of the heat of reaction 

YY-KDQ & YY-HDQ Heating/cooling 

medium by means 

of WT-Q 

Use of the heat of reaction 

YY-KDQR Heating/cooling 

medium from reac-

tors 

Use of the heat of reaction 

YY-QOUT Output Heat output 

YY-AA Product Adipic acid 

YY-MTBE Methyl tert-butyl 

ether 

Used for azeotropic distillation (see Chapter 3.3.2) 

 

Table 2. Unit Operations’ Nomenclature (X refers to the section of the simulation YY for numbering). Section 1 is the first sub-

process and section 2 the second. 

Unit Operations’ Nomenclature Description Explanation 

G-XYY Phase separator Gas-liquid separation 

K-XYY Compressor For gas streams 

M-XYY Mixer Streams’ merging 

P-XYY Pump Streams’ impulse 

R-XYY Reactors R-101: oxidation reactor & R-201: hydrodeoxigenation 

reactor 

S-XYY Splitter Streams’ separator 

T-XYY “Black box” separa-

tion 

Separation of products (glucaric acid, adipic acid , H2O) 

V-XYY Valve To decreasse pressure 

W-XYY Heat exchanger Heating or cooling of streams 
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Figure 8. First sub-process for adipic acid production from glucose. 

 

In the 01-FEED stream, the starting material glucose is contained as an aqueous solution 

(ωGlucose = 0.7) and is fed to the process from the left. In M-101 it is mixed with recycled water. 

As a result, a glucose solution is achieved with a mass fraction of about 0.27. This dilution was 

carried out since, according to US Pat. No. 9,434,709 B2 [22], a 10% glucose solution is required. 

In this case, the mass fraction of the glucose solution was not adjusted as set out in the patent to 

10%, because on the one hand no reasons for such a dilution are recognizable and on the other hand, 

a higher concentration of glucose solution leads to less energy being needed for the heating of the 

reaction mixture. Subsequently, the solution is preheated in the heat exchanger W-101, wherein the 

heat exchanger is used only for starting the reactor. In the simulation, the heating cost of the heat 

exchanger was taken into account by continuously supplying the heat exchanger with a small 

amount of heating steam (10 kg/h). 
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The glucose solution is fed to the reactor R-101 and oxidized to glucaric acid with oxygen, 

which is supplied from the stream 01-air by means of compressed air to 5 bar. The reactor sump 

(05-S), which contains predominantly water, glucaric acid and glucose, is subsequently cooled by 

the heat exchanger W-102. The flows 01-GAS to 07-GAS characterize the gas recirculation. About 

04-AIR, some gas is discharged from the process to prevent unwanted accumulation. After the W-

102, the T-101 device separates the glucaric acid from water and glucose. T-101 is considered a 

black box because the exact separation is not listed in the patent. 

In stream 07-S, the pure, anhydrous glucaric acid is fed to the next process section. With the 

streams 01-R to 05-R, the return of water and glucose is ensured. The colored streams (pink) in 

Figures 8 and 9 show the heat integration of the manufacturing process of adipic acid. Heat integra-

tion takes place via the heat exchanger W-103 from the heat quantities generated by the oxidation 

and hydrogenation in the reactors R-101 and R-201. For this purpose, the heat flows 01-KDQR and 

02-KDQR, which are fed into the heat exchanger H-101, as heating current 03-HDQ supplied to the 

W-103. The purpose of the heat exchanger W-103 is to pre-heat the return flow 02-R so that the 

heating steam used in the W-104 can be reduced. In order to prevent accumulation of water, G-103 

discharges water from the circulation overhead by the action of heat. 

The output currents are thus summarized for the first sub-process: discharge of gas or water 

(with dissolved glucose) in 04-AIR or 01-H2O and the product flow 07-S. 

The next part of the process involves the hydrogenation of glucaric acid to adipic acid in the 

R-201 reactor (see Figure 9). 
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Figure 9. Second sub-process for acipic adic production from glucose. 

 

The glucaric acid recovered from the first process section is fed via stream 07-S and mixed 

with acetic acid from 02-FEED and with the recycle stream 08-R in M-201. In the stream 08-S, 

glucaric acid has a mass fraction of about 8%. The heat exchanger W-201 is intended to preheat the 

glucaric acid solution, but like the W-101, it is only used when starting the reactor. Here a low, 

continuous heating steam flow of 10 kg/h is assumed as well. The preheated stream 09-S is fed to 

the reactor R-201. 

Compressed hydrogen at 30 bar is fed into the process via the 01-H2 stream. In order to 

reach the desired pressure of 49 bar in the R-201 reactor, two compressor stages K-201 and K-202 

are compressed under intercooling with W-202 (streams 02-H2 to 05-H2). In R-201, the glucaric 

acid is hydrogenated to adipic acid at 160 °C. 

In G-201 (analogous to G-101 in the first sub-process), the separation of gaseous compo-

nents into stream 08-GAS takes place, since this can not be mapped in the RSTOIC reactor model. 
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The reactor sump 11-S is expanded via the valve V-201 and then cooled down to 50 ºC. in the heat 

exchanger W-204. From the cooled stream 13-S, the residual gaseous hydrogen is removed in the 

G-202 (stream 11-GAS) and fed back via 12-GAS. 

The obtained adipic acid is separated from the liquid stream 14-S with T-201. Again, T-201 

represents an ideal and unrealistic separation. The mentioned patent by way of example that sepa-

ration by solvent extraction or crystallization would be possible [22]. 

The same happens with T-202. Here the acetic acid is separated from water. 4 moles of water 

arise per mole of adipic acid. A discharge of water is important for a good yield of adipic acid. The 

recovered acetic acid is recycled via the stream 07-R or 08-R and can therefore be used again as a 

solvent for the glucaric acid. About S-201 and 03-P, some acetic acid is released from the process, 

again to prevent accumulation. 

Gas streams 08-GAS to 12-GAS provide the recirculation loop of unused hydrogen in the 

hydrogenation reaction. 08-GAS is cooled down from 160 °C to 30 °C above the heat exchanger 

W-203. In G-203, the liquid fraction is removed as "fuel" (flow 01-P) analogously to Figure 7. The 

gas stream is split in the S-202, whereby a small proportion is discharged as purge gas in the stream 

02-P. Through streams 10-GAS and 12-GAS, the recycled hydrogen in M-202 is mixed with freshly 

fed and pre compressed hydrogen from 03-H2. 

The output streams are thus combined for the second sub-process: discharge of gas or water 

into 02-P or 02-H2O, "fuel" in 01-P, acetic acid purge stream 03-P and the product stream of adipic 

acid (01-AA). 

 

3.3 Simulation improvements 

3.3.1 T-201: Crystallization and purification of adipic acid. 

One of the improvements that have been carried out is related to the crystallization process, 

which in the previous simulation plant corresponds to T-201 unit operation. As is has been men-

tioned in the previous chapter, the crystallization was conceived as a black box, involving any 

method of separation due to the lack of information presented in the patent. 

However, while doing a research about the patents assigned to Rennovia Inc., no details have 

been found on how to carry out the crystallization. For this reason, the crystallization method of 

adipic acid used in the conventional process for obtaining adipic acid from cyclohexane has been 
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taken into account. The technology used is described in the patent US 3,096,369, which was as-

signed to Stamicarbon N.V. in 1957. This patent mentions that the invention is applicable to the 

crystallization of adipic acid from varying types of solutions. Thus, solutions of acipic acid in water 

or organic solvents, e.g., cyclohexanol, may be treated according to the invention [23]. 

Before describing the technology, there should be remarked some facts concerning about 

crystallization. There are four types of crystallization [24]: 

- Evaporation of solvent. 

- Temperature change of the solution. 

- Chemical reaction (precipitation). 

- Precipitation with a compound decreasing the solubility (the presence of other compounds 

can affect the solubility of the product). 

In this case, the second method of crystallization is used because there is no reaction involved 

in this step of the process. The solubility decreases with the decrease of temperature, so it is called 

cooling crystallization. Specifically, the principles are equally applicable to batch crystallization 

(alternating different cooling temperatures), even though the crystallization was studied in a contin-

uous system [25].  

It should be also mentioned that size of crystals increases, the higher the temperature at 

which the crystals are formed. For that reason, at higher temperatures the rate of growth of the 

crystals increases whereas the rate of nucleus formation decreases, so that bigger crystals are 

formed. However, the purity of the crystals decreases with the increase of the crystals growth rate 

[22]. 

Another issue that should be considered in order to understand the process offered by the 

patent is that the beginning of crystallization is favored in presence of other crystals. The first step 

of the formation of crystals is called nucleation. Nucleation entails an energy barrier that needs to 

be surpassed, which means that supersaturation is not enough to start crystallization. A solution will 

be supersaturated when the concentration of one or more compounds is higher than the allowed for 

the equilibrium solubility at the given conditions. Any solution can be supersaturated by cooling it 

(see Figure 10 below). If seed crystals are added to the solution, new crystals will appear and start 

growing as there is no energy barrier for growth [26]. 
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Figure 10. Solubility curve [27]. 

When the solution is not supersaturated enough for forming nuclei spontaneously, it is said 

that the solution remains in the metastable zone. The width of the metastable zone varies depending 

on the compound´s properties and the given conditions, like cooling rate [26]. For example, pure 

water is frozen at -42 ° C, instead of its melting temperature of 0 ° C, if there are no nucleators for 

ice formation [28]. 

Once that the basis of the crystallization have already been explained, some critical points 

about the crystallization of adipic acid carried out in one conventional crystallizer will be discussed, 

because it usually involves several problems, such us: 

- During crystallization, a milky product is obtained which contains crystal particles of such 

small dimensions that are difficult to separate from the mother liquor, what generates a loss 

of product. 

- Crusts of crystals are deposited on the cooling surface, which leads to a reduction of heat 

transfer and, consequently, a reduction of crystal growth rate. Thus, it is necessary to inter-

rupt the process several times in order to clean the crystallizer, unless the crystallizer has 

already a system that allows crystal deposits removal. Anyway, that system would increase 

the complexity of apparatus and decrease the ease of operation. For that reason the invention 

offers a batch operation method of crystallization [23]. 

- The by-product organic acids are significantly effective in annulling adipic acid crystals nu-

cleation, as well as in decreasing the crystal growth rate. For that reason it is possible to cool 

the solution about 10 °C under the saturation conditions without appreciating any change. 

No nucleation is evident and supersaturation is released only very slowly on existing crystal 

surfaces [25]. 
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The purpose of the invention is to deal with the problems mentioned above. The first step of 

the invention is cooling an adipic acid solution until a crystal suspension is obtained. Part of this 

cool crystal suspension is recycled, separating previously the obtained crystals and using the recy-

cled part for cooling the new adipic acid solution at a temperature below 30 °C by mixing them. 

That mixture is then cooled again to the desired temperature between 5 and 25 °C. By using this 

recycling technique, the previously mentioned problem about the nucleation energy barrier is 

avoided. This means that no new crystals appear and the existing ones will grow after passing 

through both of the crystallizers. However, during the process those crystals will collide, breaking 

into pieces and creating new smaller and less pure crystals. Moreover, the multi-stage direct cooling 

of the adipic acid solution offers the advantage of crystallization at higher temperature, which favors 

the formation of bigger crystals [23]. 

Figures 11 and 12 show a preferred method of crystallizing the acid from aqueous solution 

offered in the patent and the changes of the simulated process: 

 

Figure 11. Crystallization process for adipic acid from aqueous solution presented according to the patent US 3,096,369 [23]. 
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Figure 12. Crystallization process from the new simulation. 

 According to the process, the adipic acid solution resulting from the process (14-S) is fed 

into the first crystallizer (Z-301) together with a recycled portion of previously cooled mother liquor 

(07-R), where first crystallization takes place at 25 °C. The new suspension (15-S) is fed into the 

second crystallizer (Z-302) with another recycled crystal suspension (06-R), where crystallization 

takes place at 15 °C. The new crystal suspension (16-S) is driven by a pump (P-301) and cooled (H-

301) at a temperature of 12.5 °C. A portion of the cooled suspension (19-S) is fed to the centrifuge 

(F-301) where adipic acid crystals and mother liquor are separated. Bigger crystals will be obtained 

as output and smaller crystals will be recycled. Finally, the resulting adipic acid crystals are fed to 

a rotary dryer (T-301) where the steam is removed (13-GAS) and dried crystals are obtained (02-

AA).  

It should be noted that the use of centrifuge as solids separator instead of hydrocyclone or 

other commonly used separator is mentioned in the patent [23], as well as in other scientific articles 

about adipic acid production [29]. Both equipments are used in order to separate heavy and light 

particles by using centrifugal force. However, hydrocyclones are passive separators capable of ap-

plying big amounts of centrifugal force, while centrifuges are dynamic, spinning separators that are 

able to apply even bigger centrifugal force. Centrifuges obtain more accurate size of product, but 

the cost is higher and they need better control of the rotary machine [30]. 

The division of the particles takes place due to their centrifugal settling method, which works 

thanks to the movement of particles in fluid. Fine or light particles might not be able to settle when 

a liquid is passed through a centrifuge, which means that they will be taken out with the liquid. On 

the other hand, larger particles are separated by throwing them out from the liquid [31]. 
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Table 3. New Unit Operations replacing T-201 (X refers to the section of the simulation YY for numbering). Section 3 is the crys-

tallization process. 

Unit Operations’ Nomenclature Description Explanation 

F-301 Centrifuge Selective separation of bigger crystals 

H-301 Heater/Cooler Heating or cooling streams 

P-301 Pump Streams’ impulse 

S-301 & S-302 Splitter Streams’ separator 

T-301 Rotary dryer Drying of crystals by removing water 

Z-301 & Z-302 Crystallizer Cooling crystallization medium 

 

3.3.2 T-202: Water removal. 

The second improvement of the simulation works as a substitute of T-202 unit operation. As 

it is explained in Chapter 3.2, T-202 is conceived as a “black box”, which means that the compounds 

are ideally separated, but that is not realistic. However, after the Rennovia patent research it has 

been concluded that there is not public information about the wastewater removal. 

The aim of this section is to separate the water from the solution, which contains water, 

glucaric acid, acetic acid and adipic acid. This process present the problem of separating water from 

acetic acid, due to the proximity of the respective boiling points, which are 118 ºC for acetic acid 

and 100 ºC for water. The simulation improvement offers the possibility of separating acetic acid 

from water by the use of azeotropic distillation system [32], which will be added after a previous 

cleaning distillation column whose purpose is separating all of the remaining compounds (glucaric 

acid, adipic acid and adipic acid) from the acetic acid-wastewater mixture.  

Azeotropic distillation process separates close boiling compounds in presence of an added 

liquid that forms an azeotrope with one of both of the compounds. The azeotrope former alters the 

relative volatility in order to make a greater separation on each plate, which makes the separation 

possible with fewer plates. The system consists of a multiple rectification column. It has been dis-

covered that certain organic compounds increase effectively the relative volatility between acetic 

acid and water, such us methyl propionate, benzyl acetate, isopropyl acetate, butyl ether, etc. [32]. 

The process used for the simulation is called hybrid extraction/distillation process. It has 
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proved to be more effective than other processes, such us multi-effect distillation or heterogeneous 

azeotropic distillation. It combines an extraction column and the azeotropic distillation process to-

gether. All of these unit operations will follow the previous cleaning distillation column that has 

been mention before, which separates the rest of the compounds from the acetic acid-wastewater 

mixture. The simulation will be carried out with methyl tert-butyl ether as entrainer [33]. 

 

Figure 13. Simulation scheme of liquid-liquid extraction with methyl tert-butyl ether as entrainer used as reference [33]. 

However, while simulating the hybrid extraction/distillation process there were some diffi-

culties due to the difference in the feed proportions to the system. In the adipic acid production 

plant, at this point the ratio of acetic acid to water is much higher than the suitable. As it can be 

notice in Figure 13, the feeding stream contains 29 wt% of acetic acid, while in the simulation plan 

the amount of acetic acid after the cleaning distillation column (23-S) is 95 wt%. That case was 

already tried in simulation but it was proven that a huge amount of MTBE was required to make the 

separation possible. Moreover, as there is so much MTBE in the system, all of it went through the 

bottom of the stripping column showed on the left part in Figure 14. For that reason, it was con-

cluded that it is necessary to add another additional distillation column before the azeotropic distil-

lation step, just to separate some acetic acid from water. The acetic acid will be recirculated to the 

beginning of the second sub-process (glucaric acid conversion to adipic acid) so the obtained amount 
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of acetic acid after the second distillation column (24-S) will be 40 wt%, which is closer to the 

proportions of acetic acid and water shown in Figure 14. The value of 40% was the optimal changing 

2 parameters of the column: number of plates and reboiler duty. 

 

Figure 14. Water removal and acetic acid recovery process from the new simulation divided in 3 parts: 1- pre cleaning distillation 

column, 2- pre distillation column of acetic acid and water mixture, 3- azeotropic distillation. 

 The recycled streams from the crystallization process (21-S and 13-GAS) are mixed (M-

401) and fed to the previous cleaning distillation column mentioned before (C-401). The mixture 

obtained from the bottom (09-R) is recycled to the beginning of the second sub-process (see Figure 

9). The acetic acid-water mixture obtained from the top (23-S) is fed to a pre distillation column of 

acetic acid and water mixture (C-402). The condensate (10-R) consist mainly of acetic acid (99,9 

wt%) but also a little bit of water (0.1 wt%), and is also recycled to the beginning of the second sub-

process together with 09-R. The distillate obtained from C-402 (composed of 60 wt% acetic acid 

and 40 wt% water) is finally fed to the azeotropic distillation system described before. The stream 

24-S is carried to the extraction column (E-401) where water and acetic acid are mixed with the 

entrainer MTBE, forming an azeotrope. From the top of E-401 emerges the extract stream rich in 

MTBE (25-S). That stream is carried to the dehydration column (C-404) where acetic acid is sepa-

rated from the mixture and obtained through the bottom of the column (13-R). The acetic acid is 

recirculated to the beginning of the second sub-process and mixed with the rest of the recycled 

streams in S-201. The distillate obtained from the dehydration column (11-R) is carried to a decanter 

(D-401) where phase separation takes place. The organic stream rich in MTBE (04-P) will be 

purged. The feeding stream (01-MTBE), mainly composed by MTBE is fed to the bottom of the 

extraction column (E-401). The aqueous stream obtained from the decanter (27-S) will be mixed 

(M-402) with the raffinate stream obtained from the bottom of the extraction column (26-S). The 

1 2 3 
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mixture (28-S) is fed to the stripping column (C-403) where the distillate (12-R) is carried to the 

decanter. Finally, the water is obtained from the bottom from the stripping column (02-H2O) and 

removed from the process. 

 It can be noticed that there is a small difference between Figures 13 and 14. The organic 

stream obtained from the decanter (04-P) should be recycled and fed into the bottom of the extrac-

tion column (E-401) together with the feeding stream of MTBE (01-MTBE), as it is shown in Figure 

13. There was a problem about convergence during simulation. As it is necessary to add only a small 

amount of MTBE, the huge recycle of MTBE going through a closed circuit leads to numerical 

problems in solving the steady state: MTBE comes out from the bottom of the decanter, it enters 

through the bottom of the extraction column, it goes to the dehydration column, it gets out from the 

top of the dehydration column and goes back to the decanter. 

 For that reason, a pseudo-recycle is used. Instead of recycling the MTBE stream from the 

decanter, a purge outlet from simulation was used. In order to compensate, all the necessary MTBE 

is fed as “Entrainer make-up”. The simulation was run several times and the result composition of 

the decanter outlet was copied as “Entrainer make-up” until similar result composition was obtained. 

 In reality, stream 04-P would be recycled and taken to the extraction column as it has been 

mentioned before. 

Table 4. New Unit Operations replacing T-202 (X refers to the section of the simulation YY for numbering). Section 4 is the water 

removal process. 

Unit Operations’ Nomenclature Description Explanation 

C-401, C-402, C-403 & C-404 Distillation column Separation by volatility difference 

D-401 Decanter Liquid separation by density difference 

E-401 Extraction column Liquids separation by difference of solubility 

M-401 & M-402 Mixer Streams’ merging 

 

3.3.3 Heat exchange network optimization. 

The cost of energy has increased the last years, and it is expected to continue increasing. For 

that reason, it is becoming extremely important for chemical engineers to optimize the use of energy. 

There are two suitable and commonly used methods for minimizing the use of energy: Heat Ex-

changer Network Synthesis (HENS) and Pinch Method. This chapter focuses on the second one 
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[34]. 

The main objective of pinch method is to identify the minimum target cost and heat ex-

changer network (HEN) capital cost targets of the process, as well as recognizing the pinch point 

[35]. In the following chapter, a free software for heat exchanger network design based on the pinch 

method are presented (HINT software) for the normal operation of the process. Both heat exchang-

ers W-101 and W-201 do not work during normal operating conditions because the previous streams 

(02-S and 08-S) are already at the target temperatures due to the hot recycled streams. 

Figure 15 shows the input data for HINT software obtained from Aspen Plus simulation for 

the operation of the process: 

 

Figure 15. Input data of every stream from different heat exchangers, obtained from Aspen Plus simulation. 

 The input data consist of supply and target temperatures (K), enthalpy of the stream (kW), 

and heat capacity flow rate (kW/K). The value of enthalpy is the difference of the streams properties, 

before and after going through the heat exchangers from the Aspen® Plus simulation´s results. The 

heat capacity flow rate is automatically calculated by the program. Each stream goes thought a dif-

ferent heat exchanger in Aspen Plus® simulation. Those heat exchangers have the nomenclature 

that is represented in the descriptions in Figure 15. 

 Figure 16 shows the Q (W) vs T(K) curves for each heat exchanger involved in the process, 

obtained from Aspen Plus® simulation. 
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Figure 16. Q (W) vs. T (K) curves for each heat exchanger involved in the process. 

 As it can be observed, during the heating of the stream that goes through the heat exchanger 

W-104, there is almost no increment of temperature, while the value of Q increases considerably. 

That means that there is a phase change and the heat type of stream 3 will be latent, at it is shown 

in Figure 15. 

 Once that the data has been introduced, the next step is to calculate the “temperature ap-

proach”. In practice the hot stream can only be cooled to a temperature defined by the "temperature 

approach" of the heat exchanger. The temperature approach is the minimum allowable temperature 

difference (DTmin) in the stream temperature profiles, for the heat exchanger unit. The temperature 

level at which DTmin is observed in the process is referred to as "pinch point" or "pinch condition". 

The pinch defines the minimum driving force allowed in the exchanger unit [35]. 

 HINT software offers the possibility of estimating the impact of the variation of DTmin in 

different parameters. The optimal DTmin will be the one that involves lower energy and capital 

costs. Figure 17 shows the total cost of the heat exchange network ($), for DTmin values between 

1 and 50 K, according to HINT software: 
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                          Figure 17. Cost target vs. DTmin.                                         Figure 18. Number of heat exchangers vs. DTmin. 

Figure 18 shows the minimum number of heat exchangers that are necessary for the start-up 

of the process plant for DTmin values between 1 and 50 K, according to HINT software. As it is 

shown in both figures, DTmin values of 10 K or less, lead to lower cost and require a smaller number 

of heat exchanges for the process. However, a very small DTmin value, perhaps 8 ºC, can lead to a 

very complicated network design with a large total area due to low driving forces [35]. For that 

reason, DTmin value chosen for pinch method will be 10 K. 

Once that DTmin value has been chosen, the next step is to plot the “grid diagram”, which 

is the graphical method of representing flow streams and recovery matches. Every stream has its 

initial and target temperatures, and the vertical line in the middle show the pinch temperature. In 

Figure 18 it is shown the grid diagram with the different matches between cold and hot streams. The 

line located in the middle of grid diagram refers to the “pinch point” or “pinch temperature”, which 

is 298.15 K. Pinch technology defends that no heat should be transferred across the pinch point for 

an optimal design. The numbers above each stream represents initial and target temperatures. In the 

same way, the number above each heat exchanger means the temperature at which the stream leaves 

the heat exchanger. 

Energy cost 

Capital cost 

Total cost 
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Figure 19. Grid diagram made by HINT software. 

 As it is shown in Figure 19, for this process the requirements are 4 heat exchangers and 8 

utilities (2 heaters and 6 coolers). In total, 12 heat exchangers would be needed, which agrees with 

Figure 18 about the minimum number of necessary heat exchangers involved. 

 Composite curve shown in Figure 20 represents 

temperature (K) vs. enthalpy (kW). Line red re-

fers to the hot composite curve and line blue to 

the cold composite curve. The point in which 

both lines get closer at vertical distance is 

DTmin (10 K). The horizontal distance between 

the end of hot and cold composite curves means 

the hot utility (QHmin) and the horizontal dis-

tance between the beginning of hot and cold 

composite curves means the cold utility 

(QCmin). 

 
Figure 20. Composite curves of the process. 
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3.4 Assumptions 

3.4.1 Assumptions from previous simulation. 

Due to the lack of data for the pilot plant process, some assumptions were made in the pre-

vious simulation. Those assumptions are briefly explained in Table 5: 

Table 5. Previous assumptions. 

Nr. Equipment Assumptions 

1 P-101 & P-301 Pump efficiency: 0.8 (isentropic), Diver efficiency: 0.8 (mechanical) 

2 K-101, K-102, K-201 & 

K-202 

Pump efficiency: 0.8 (isentropic), Diver efficiency: 0.8 (mechanical) 

3 Pressure loss 0.05 bar per device 

4 R-101 & R-201 No side reactions 

HBr as a cocatalyst and the solid catalysts are not considered in the simula-

tion 

 

It was assumed that the isentropic and mechanical efficiencies of the pump were both 0.8 

because it is realistic and is often used for pumps. A deviation of this value does not have a signifi-

cant effect on the process costs. The second pump P-301involved in the crystallization process 

would have bigger effect because the solution is carrying crystals. 

For the compressors, isentropic and mechanical efficiencies of 0.8 were also assumed for the 

same reasons as for the pump. The difference here is that changing the assumed value to lower 

efficiencies would have a greater impact on the process costs, since the two compressors K-201 and 

K-202 should generate a pressure of 49 bar. For pressure losses incurred in the process, a pressure 

drop of 0.05 bar per unit was assumed. A greater loss of pressure in the process would lead to greater 

energy consumption of the pump or compressors. 

For the material data model, the Wilson method was used, which calculates the thermody-

namic correction factor for the calculation of the Fick diffusion coefficients. 

The assumptions of R-101 and R-201 reactors are shown in the Figures 21 and 22: 
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Figure 21. Reaction of R-101 reactor, where operation conditions are 90 °C and 4,95 bar. 

 

 

 
Figure 22. Reaction of R-201 reactor, where operation conditions are 160 °C and 49 bar. 

 The chosen valid phases for both reactors are Vapor-Liquid. The RSTOIC model was used 

for both and the corresponding reaction equations were deposited with the performance mentioned 

in the patent [22]. 

For the reactors it was further assumed that no side reactions take place because the exact 

course of the reaction with all the secondary reactions is not completely known. 

As an additional assumption for the R-201 reactor, the direct addition of an HBr solution 

was dispensed with since HBr is not consumed and, therefore, does not play a significant role in the 

costs of the process. However, the initial use of HBr could be taken into account in estimating the 

cost of solid catalysts. 

For the R-101 reactor, instead of the pure oxygen used in the patent, air with a composition 

of x (oxygen) = 0.2 and x (nitrogen) = 0.8 was used. 

 

3.4.2 Assumptions from new simulation. 

Table 6. New assumptions. 

Nr. Equipment Assumptions 

6 Z-301 & Z-302 Liquid phase only 

Not new crystals formed 

Solubility data 

7 F-301, Z-301 & Z-302 PSD user 

8 F-301  

9 T-301  
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10 E-401 Amount of MTBE 

11 W-XYY & H-XYY Heat transfer coefficient 

12 W-XYY & H-XYY Cost estimation 

   
For the crystallizers involved in the process, it was supposed that evaporation does not take 

place because the type of crystallization is cooling. 

It was also assumed that during the crystallization process any new crystals appear. As it has 

been explained in Chapter 3.3.1, the by-product organic acids are significantly effective in annulling 

adipic acid crystals nucleation, as well as in decreasing the crystal growth rate. For that reason it is 

possible to cool the solution about 10 °C under the saturation conditions without appreciating any 

change. No nucleation is evident and supersaturation is released only very slowly on existing crystal 

surfaces, as it is explained in the patent US 2,813,122 [28]. For that reason, it is reasonable to think 

that no new crystals appear and the ones that are recycled grow, until they break and create small 

pieces that are again recycled to the process. 

As most of the solution is acetic acid, the solubility data was taken from solubility of adipic 

acid in acetic acid + water mixtures [36]. 

The size of crystals, particle size distribution and morphology of the particles depend on 

crystal growth kinetics, temperature, supersaturation, seeding procedure, stirring speed and other 

parameters that are varied in crystallization [37]. For that reason and for the lack of crystal growth 

kinetic parameters for adipic acid, for crystallizer equipment as well as for the centrifuge, the parti-

cle size distribution used in simulation was the one that is given in Aspen Plus by default. 

 

Figure 23. Particle size distribution given by Aspen Plus. 

 Figure 23 shows the particle size distribution mesh (Simulation  Setup  Solids  PSD 
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 Modify the default particle size distribution). Moreover, during the design of the crystallizer PSD 

from inlet was chosen, as it is shown in Figure 24: 

 

Figure 24. PSD for crystallizer´s design. 

 

 The parameters for the centrifuge´s design are shown in Figure 25. A fraction of 0,99 of 

solids to solid outlet was taken. It was also supposed that the whole output was solid load. 

 

Figure 25. Parameters for centrifuge´s design. 

Figure 26 shows the chosen parameters for the dryer: 
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Figure 26. Parameters for dryer´s design. 

 

For the azeotropic distillation system, the amount of MTBE fed into the extraction column 

was the suitable one in order to keep the proportions from the simulation reference scheme [33]. 

Table 7 shows the approximated values of the Heat Transfer Coefficient (k) used for each 

heat exchanger, with the assumption that all of the heat exchangers are tubular [38]: 

Table 7. Heat exchanger coefficients [38]. 

Number of 

stream 

Respective heat exchanger 

on simulation 

Application Value (kW/m2K) 

1 W-102 Liquids inside and outside tubes 0.525 

2 W-103 Liquids inside and outside tubes 0.525 

3 W-104 Condensation of organic vapors (phase change) 0.45 

4 W-105 Gas at high pressure inside and liquid outside 

tubes 

0.3 

5 W-106 Gas at high pressure inside and liquid outside 

tubes 

0.3 

6 W-202 Gas at high pressure inside and liquid outside 

tubes 

0.3 

7 W-203 Gas at high pressure inside and liquid outside 

tubes 

0.3 

8 W-204 Liquids inside and outside tubes 0.525 

9 H-301 Liquids inside and outside tubes 0.525 

     In Chapter 4.2 a cost estimation is presented. It should be noticed that HINT software as-

sumes by default shell and tube heat exchangers. It also assumes that the material of construction is 

carbon steel and that the operating pressure is 150 psi. All of those parameters can be changed to 

other type of heat exchangers, different materials and other values of pressure. They can only pro-

vide an estimation of the order of magnitude of capital costs.  
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4 Results and comparisons 

From the simulation of the process created in Aspen Plus®, the variable costs of the new 

improvements of the plant can be estimated based on the quantities of chemicals fed into the process, 

as well as the costs due to utilities for the energy integration of the plant. plant. The simulation can 

also be used to create a preliminary list of equipment, which allows estimating the cost of capital. 

Next, the results that can be obtained from the simulation of the process are presented. The focus is 

on results, which can be identified as the biggest drivers of costs. 

A list of all material flows with the mass flows for all components (mass flows in kg/h), 

mass fractions, temperature and pressure data of the flows as well as the volume flows (l/s) is at-

tached in the Appendix (Chapter 9). In addition, the complete flow chart of the simulation is shown. 

 

4.1 Streams and utilities 

The initial variable costs were analyzed in the previous project of a simulation in Aspen 

Plus® mentioned in Chapter 3.1 [21]. However, the conclusions will just focus on the improvements 

of new simulation.  

The changed variable costs of the improved adipic acid production plant consist mainly in 

the energy requirements for the operation of the heat exchange network, but it also consist in the 

feeding of methyl tert-butyl ether, which corresponds to stream 01-MTBE. 

As it has been mentioned in Chapter 3.3.2, the amount of MTBE that is fed to the water 

removal sub-process (3.08·105 kg/s) is not real. The amount of MTBE present in that stream is 24.7 

kg/s, which is exactly the same amount that is fed in 01-MTBE stream. That means that there are 

no loses, which is not realistic. Taking in consideration that the streams 04-P and 01-MTBE are 

conceived as a pseudo-recycle, it should be necessary to add an additional small amount of MTBE 

in 01-MTBE stream. Table 8 shows the feeding amount of MTBE necessary to separate successfully 

the required amounts of this process plant, according to Kung-Li et. al (2014) [33].  

Table 8. Necessary mass and volume flows for the new part of the process plant. 

Stream Type of stream Mass flow Volume flow 

01-MTBE Entrainer 3.6·10-5 kg/s 4.1·10-12 cm3/s 

The mass flow can be used for calculating the raw material costs. 
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In the previous project work, it was also estimated the yield of the process using the Equation 

1: 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑦𝑖𝑒𝑙𝑑: 𝑌𝑘,𝑖 = 1 −
𝑛̇𝑖,𝑡 − 𝑛̇

𝑘,𝑂

𝑛̇𝑖,𝑡
·

𝑣𝑖

𝑣𝑘
 

 With a molar flow of adipic acid (k) of 253.44 kmol/h, a molar mass flow of glucose (i) of 

258.4 kmol/h and with the stoichiometric coefficients of 1 and -1 respectively, the total yield of the 

process is 98,1%. The resulting yield is a little bit lower comparing to the overall yield from the 

previous project work (99.4 %), but more realistic [21]. 

 

Figure 27. Comparison of the component mass flows of glucose in the input stream 01-FEED and output stream 01-H2O and the 

glucaric acid in the purge stream 03-P compared with the product mass flow of adipic acid in 02-AA. 

 In the Figure 27 above, the leakage currents of glucose and glucaric acid are compared with 

the mass flow of adipic acid and glucose. 
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 Absolute Relative consumption per product 

quantity 

Adipic acid production 324 kt/a   

     

Feedstocks     

Glucose/dextrose 407 kt/a  1.26 t/t adipic acid 

     

Utilities     

Minimum heating duty 12 418 kW 335 622 kWh/t adipic acid 

Minimum cooling duty 852 kW 23 027 kWh/t adipic acid 

Electrical power 376.58 MW 10 177.84 MWh/t adipic acid 

     
Figure 28. Absolute and relative to adipic acid consumption of feedstocks and utilities. 

Figure 28 shows the absolute consumption of feedstocks and utilities, as well as relative 

consumption per product quantity of adipic acid. The electrical power has been calculated consid-

ering only the power necessary for the columns. The electrical power necessary for the pumps and 

other units operations such as the crystallizer has a negligible value in comparison with the one 

mentioned.  

Regarding the changed heat exchange integration, some new costs in heating and cooling 

utilities are necessary. Heating and cooling duties are calculated by HINT software, as it is shown 

in Figure 28, which would be enough information for a cost estimation. It should be noted that the 

acquisition costs of the heat exchangers should be taken into account in the next chapter. As it can 

be noticed, the cooling water and the associate costs (public services) necessary for the production 

plant are very low. 

 

4.2 Appliances 

In the following chapter the costs corresponding to the changed appliances will be analyzed 

(in the case of heat exchange network) and qualitatively estimated for the new parts of the simula-

tion. As the heat exchange network is totally different from the previous simulation, they will be 

included as well. 

The transferred heat in each heat exchanger and the initial and final temperatures of each 
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heat exchanger are shown in Figure 29: 

Figure 29. Results from the heat exchangers. 

 As it was mentioned in Chapter 3.3.3, HINT software offers the possibility of checking a 

cost estimation of the heat exchange network. Those costs have been calculated taking into account 

the assumptions mentioned in Chapter 3.4.2. It can be easily noticed in Figure 29 that the biggest 

heat exchangers are the numbers 1, 2, 3 and 4, which means higher amount of heat transferred. Thus, 

they lead to the higher costs. Those results make sense since they are the only heat exchangers that 

allows the heat transference between two streams from the plant. Their associate costs of the acqui-

sition are also the biggest, as expected. 

 In addition to the heat exchangers, the capital costs of the new parts of simulation will be 

mainly influenced by the price of the columns, the crystallizers, the centrifuge and the rotary dryer. 

Tables 9 and 10 list the parameters that would be necessary for a cost estimation.  

Table 9. Crystallizers parameters. 

Designation Usage Residence time 

Volume Z-301 Adipic acid crystallization 1 h  

Z-302 Adipic acid crystallization 1 h 

 According to the example of adipic acid crystallization given on the Patent US 5,471,001, a 

normal value for the residence time of the particles could be approximately 1 hour [39]. This value 

is not totally reliable because there are a lot of factors that affect crystallization, such us supersatu-

ration or mechanical agitation. However, this value can be useful for a cost estimation or the crys-

tallizers that are needed for the plant. 

 Table 10 shows the necessary parameters for the columns involved in the water removal 

(acetic acid recovery) section for a cost estimation.  
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Table 10. Columns parameters. 

Designation Usage Height  

Volume 

Diameter 

C-401 (Distill)  10 m 2.03 m 

C-402 (RadFrac)  15 m 13.8 m 

C-403 (Distill)  4 m 0.43 m 

C-404 (Distill)  20 m 0.58 m 

E-401 (Extract)  4 m 0.96 m 

 The height has been calculated assuming that the distance between stages is 0.5 m. The pro-

cedure of the calculation of the columns diameters involves Formulas 2, 3, 4 and 5, and it is shown 

in the Appendix (Chapter 8). 

𝐴 = 𝜋𝑟2 

𝑃𝑣 = 𝑛𝑅𝑇 

[𝑓. 𝐹𝑎𝑐𝑡𝑜𝑟] = 𝑢 · √𝜌 

𝑅𝑒𝑑𝑢𝑐𝑒𝑑 [𝑓. 𝐹𝑎𝑐𝑡𝑜𝑟] = [𝑓. 𝐹𝑎𝑐𝑡𝑜𝑟] · 𝐴 

When the diameter of the column is too high (more than 7-8 m approximately), the equip-

ment in the reality would be substituted for more than one column located in parallel, in order to 

achieve the required output and simplifying the construction. However, the calculations of the new 

equipment are not the aim of this project, but only a qualitatively estimation of the costs. 

Regarding the centrifuge and the rotary dryer, the necessary parameters would be the dimen-

sions (diameter and height) and the area, respectively. Despite Rennovia patents [23] and other sci-

entific articles [29] mention the centrifuge and dryer, they do not make public the quantitative size 

data. Although the characteristics of these unit operations suppose a very well-kept secret, those 

equipments will not be very responsible of the capital costs compering to the columns.  

(2) 

(3) 

(4) 

(5) 
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5. Discussion 

  It was shown the Rennovia process can be carried out on industrial scale with available state- 

of-the art  plant equipment.. An exact evaluation of the economic competitiveness compared to 

conventional oil-based adipic acid production will require additional work, elucidating the follow-

ing unknowns:   

 

5.1 Limitations 

  The side reactions that take place in the reactors R-101 and R-201 could not be taken into 

account due to the lack of information. Laboratory test and experiments in the pilot plan would be 

necessary in order to get accurate data about the exact course of the reaction with all side reaction. 

The effect of those side reactions would be a decrease on the selectivity, but the decrease is not 

expected to be very remarkable thanks to the recycles on both reactors. 

  The black box mentioned in Chapter 3.2 refers to T-101 device. It separates the glucaric acid 

from water and glucose. T-101 is considered a black box because the exact separation is not listed 

in the patent followed for previous simulation [22]. This has a huge impact on the production sim-

ulation plant’s cost because it is impossible to estimate energy and capital costs without knowing 

which unit operations are involved. The other two black boxes (T-201 and T-202) have been re-

placed for the crystallization section and the acetic acid recovery section, respectively. However, 

there was not possible to simulate a substitutive section for the first black box (T-101) because the 

program Aspen Adsorption was necessary, which is a variant of Aspen Plus®. However, that is not 

the aim of this project. Rennovia Inc. presented a patent in 2013 where it is described an accepted 

and proved process for the separation at least one mono- or di-carboxylic compound by selective 

elution from an ion exchange chromatography medium [40]. 
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5 Summary 

This project work contains an extensive literature research to get introduced into the context, 

where bio-based adipic acid production from glucose via Rennovia process has been compared with 

the conventional processes. From a technical point of view, the installation gains in security. It pre-

sents less possibilities of contact with hazardous chemical substances (such us nitric acid). From an 

environmental point of view, CO2 emissions are reduced. From an economical point of view, there 

is an advantage to avoid the exhaustible feedstocks. 

The aim of this project work was to complement the previous one, particularly regarding to 

separation and purification of adipic acid, acetic acid recovery and heat exchange integration net-

work.  

For this purpose, some new assumptions were made regarding the crystallization principles 

(such us solubility data, particle size distribution…), specific parameters or efficiencies of different 

apparatus, input flows and heat transfer coefficient values for the different heat exchanges (see 

Chapter 3.4.2). 

It is important to remember that in Chapter 3.3.2 (which corresponds to acetic acid recovery 

section), a pseudo-recycle was used due to numerical convergence problems. However, in the real 

production plan this would not be necessary. 

Chapter 4 shows a qualitatively estimation about the highest cost about the new improve-

ments of the simulation. 

Finally, it was concluded that the overall process yield of adipic acid from dextrose (com-

ponent of glucose used in Aspen Plus® simulation) input is 98.1%, as mentioned in Chapter 4.1. 

The simulation shows that the largest single column in terms of diameter is C-402 with ap-

proximately 13.8 m, and C-404 the highest column with 20 meters long. 

The biggest heat exchanger is expected to be the heat exchanger number 4 (see Table 29 

from Chapter 4.2), with a heat exchange area of 4213.1 m2. The overall heat exchange area is 745.02 

m2. 

According to pinch method, the minimum heating duty is 12418 kW and the minimum cool-

ing duty is 852 kW. 
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6 Perspective 

After running the simulation, a well-functioning adipic acid from glucose production plant 

was proven. However, there was no enough time at the end of the project to make a detailed cost 

estimation based on the power and equipment used. However, the required parameters can be found 

in Aspen Plus® simulation. 

Industries such as automotive, electronics and footwear are a key driving factor of adipic 

acid consumption in China and India. Asia has recently been the biggest consumer of adipic acid 

with more than 35 % of the market in 2013. Moreover, it is expected an increase of 5.3 % between 

2014 and 2020. In Europe it is also expected a growth in consumption of about 4.2 % in that period 

[41]. 

Nowadays, the main manufacturers of adipic acid are BASF, Rhodia, and INVISTA and 

Ascend Performance Materials. All of them together accounted 60 % of the manufacture. Rennovia 

Inc., was the first company using this innovative chemo-catalytic process [40]. 

Rennovia’s bio-based adipic acid process has proven to be a potentially competitive alterna-

tive to the conventional process. In a future, there should be taken in consideration new patent pub-

lications of Rennovia. 
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8 Appendix 

 For the calculation of the columns diameters it has been assumed that the [𝑓. 𝐹𝑎𝑐𝑡𝑜𝑟] is 

equal to 1: 

 C-401 (Distill) 

 

 

 

 

 

 

 

 

 

 

 According to the hydraulics profile of C-402 (RadFrac) column in Aspen Plus®, the molec-

ular weight can be assumed to be constant along the column. The gas flow going through column 

C-401 is 5.079 kmol/s, and it will have approximately the same molecular weight than at the bottom 

of the column: 

𝑀 =
𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤

𝑀𝑜𝑙𝑒 𝑓𝑙𝑜𝑤
=

150 𝑘𝑔/𝑠

0.529 𝑘𝑚𝑜𝑙/𝑠
= 283.55 𝑔/𝑚𝑜𝑙 

 For the density calculation, the temperature will be taken from the bottom of the column 

because the mole flow of gas is bigger at the bottom: 

𝑃𝑣 = 𝑛𝑅𝑇 → 𝑃𝑣 =
𝑚

𝑀
𝑅𝑇 → 𝜌 =

𝑃𝑀

𝑅𝑇
=

1 · 283.55

0.082 · 392.952
= 8.8

𝑔

𝐿
= 8800 𝑔/𝑚3 

According to formula 4 (see Chapter 4.2) and to the assumption mentioned before: 

[𝑓. 𝐹𝑎𝑐𝑡𝑜𝑟] = 1 = 𝑢 · √𝜌 → 𝑢 =
1

√8800
= 0.011 𝑚/𝑠 

Considering the volume flow at the bottom of the column: 

𝑣̇ = 𝑢 · 𝐴 → 𝐴 =
0.035

0.011
= 3.182 𝑚2 

𝐴 = 𝜋𝑟2 → 𝑟 = √
3.182

𝜋
= 1.013 𝑚 → 𝐷 = 2.03 𝑚 

 

2.64 kmol/s 

2.12 kmol/s 

0.529 kmol/s 

-1.4·2.12 =-2.968 kmol/s 

-2.64 -2.968= -5.608 kmol/s 

5.608 +0.529= 5.079 kmol/s 

Distillate to feed mole ratio = 0.8 

Reflux ratio = 1.4 
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 C-402 (RadFrac) 

 The maximum reduced f-Factor’s value has been taken from the hydraulics profile of C-402 

in Aspen Plus®. 

𝑅𝑒𝑑𝑢𝑐𝑒𝑑 [𝑓. 𝐹𝑎𝑐𝑡𝑜𝑟] = [𝑓. 𝐹𝑎𝑐𝑡𝑜𝑟] · 𝐴 

𝐴 =
149.778

√𝑘𝑔𝑚3

𝑠

1√𝑘𝑔
𝑚

1
𝑠

= 149.778 𝑚2 

𝐴 = 𝜋𝑟2 → 𝑟 = √
149.778

𝜋
= 6.9 𝑚 → 𝐷 = 13.8 𝑚 

 

 C-403 (Distill) 

 

 

 

 

 

 

 

 

 

 

 

Following the same procedure as in C-401: 

𝑀 =
𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤

𝑀𝑜𝑙𝑒 𝑓𝑙𝑜𝑤
=

5.267 𝑘𝑔/𝑠

0.281 𝑘𝑚𝑜𝑙/𝑠
= 18.74 𝑔/𝑚𝑜𝑙 

𝑃𝑣 = 𝑛𝑅𝑇 → 𝑃𝑣 =
𝑚

𝑀
𝑅𝑇 → 𝜌 =

𝑃𝑀

𝑅𝑇
=

1 · 18.74

0.082 · 375.551
= 0,609

𝑔

𝐿
= 609 𝑔/𝑚3 

[𝑓. 𝐹𝑎𝑐𝑡𝑜𝑟] = 1 = 𝑢 · √𝜌 → 𝑢 =
1

√609
= 0.041 𝑚/𝑠 

𝑣̇ = 𝑢 · 𝐴 → 𝐴 =
0.006

0.041
= 0.146 𝑚2 

𝐴 = 𝜋𝑟2 → 𝑟 = √
0.146

𝜋
= 0.216 𝑚 → 𝐷 = 0,43 𝑚 

 

2.81 kmol/s 

2.53 kmol/s 

0.28 kmol/s 

-0.04·2.53 =-0.101 kmol/s 

-2.81 -0.101= -2.911 kmol/s 

2.911 +0.28= 3.191 kmol/s 

Distillate to feed mole ratio = 0.9 

Reflux ratio = 0.04 
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 C-404 (Distill) 

 

 

 

 

 

 

 

 

 

 

 

Following the same procedure as in C-401: 

𝑀 =
𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤

𝑀𝑜𝑙𝑒 𝑓𝑙𝑜𝑤
=

4.528 𝑘𝑔/𝑠

0.075 𝑘𝑚𝑜𝑙/𝑠
= 60.37 𝑔/𝑚𝑜𝑙 

𝑃𝑣 = 𝑛𝑅𝑇 → 𝑃𝑣 =
𝑚

𝑀
𝑅𝑇 → 𝜌 =

𝑃𝑀

𝑅𝑇
=

1 · 60.37

0.082 · 395.899
= 1.860

𝑔

𝐿
= 1860 𝑔/𝑚3 

[𝑓. 𝐹𝑎𝑐𝑡𝑜𝑟] = 1 = 𝑢 · √𝜌 → 𝑢 =
1

√1860
= 0.023 𝑚/𝑠 

𝑣̇ = 𝑢 · 𝐴 → 𝐴 =
0.005

0.023
= 0.217 𝑚2 

𝐴 = 𝜋𝑟2 → 𝑟 = √
0.217

𝜋
= 0.263 𝑚 → 𝐷 = 0,58 𝑚 

 

 E-401 (Extract) 

The extraction column separates mainly MTBE from water. The density different is big: 740 

kg/m3 and 997 kg/m3, respectively. For liquid-liquid extraction columns with high density dif-

ference, it can be assumed a capacity of flooding of 70 m3/m2/h [42]. 

𝐴 =
𝐿𝑖𝑞𝑢𝑖𝑑 𝑓𝑙𝑜𝑤 𝑖𝑛𝑝𝑢𝑡

𝐹𝑙𝑜𝑜𝑑𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
=

50

70
= 0.714 𝑚2 

𝐴 = 𝜋𝑟2 → 𝑟 = √
0.714

𝜋
= 0.48 𝑚 → 𝐷 = 0,96 𝑚 

 

 

0.754 kmol/s 

0.679 kmol/s 

0.075 kmol/s 

-0.04·0.679 =-0.027 kmol/s 

-0.754 -0.027= -0.781 kmol/s 

0.781 +0.075= 0.856 kmol/s 

Distillate to feed mole ratio = 0.9 

Reflux ratio = 0.04 
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Figure 30. Representation of the complete process plant including the main stream in blue and the input streams of air acetic acid and air in red. 
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Table 11. List of all material flows – part 1. 

Stream Name Units 01-AA 01-AIR 01-FEED 01-GAS 01-H2 01-H2O 01-HD 01-KD 01-MTBE 01-P 01-R 01-S 02-AA 

From  F-301   G-101  G-103  W-101  G-203 TRENN01 M-101 T-301 
To  T-301 K-102 M-101 W-105 K-201  W-101  E-401  V-101 P-101  

Stream Class  MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD 
Temperature K 2,85E+02 2,93E+02 2,93E+02 3,63E+02 2,93E+02 3,73E+02 4,25E+02 4,25E+02 3,13E+02 3,03E+02 3,03E+02 3,56E+02 2,85E+02 

Pressure N/sqm 1,01E+05 1,00E+05 1,00E+05 4,90E+05 3,00E+06 1,00E+05 5,00E+05 5,00E+05 1,01E+05 4,00E+06 4,90E+05 1,00E+05 1,01E+05 
Molar Vapor Fraction  0,00E+00 1,00E+00 0,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 9,83E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Mass Enthalpy J/kg -8,22E+06 -5,11E+03 -9,73E+06 -1,15E+06 -7,26E+04 -1,33E+07 -1,32E+07 -1,32E+07 -4,48E+06 -8,57E+06 -1,48E+07 -1,32E+07 -6,83E+06 
Mass Entropy J/kg-K -4,33E+03 1,31E+02 -7,19E+03 -2,80E+02 -1,42E+04 -2,03E+03 -2,52E+03 -2,61E+03 -6,62E+03 -4,27E+03 -8,67E+03 -7,52E+03 -6,07E+03 
Mass Density kg/cum 1,10E+03 1,18E+00 1,14E+03 4,38E+00 2,48E+00 5,81E-01 2,55E+00 2,59E+00 8,08E+02 1,04E+03 1,01E+03 1,00E+03 1,36E+03 
Enthalpy Flow Watt -1,32E+09 -1,47E+05 -1,80E+08 -6,45E+07 -5,73E+04 -8,75E+07 -3,66E+04 -3,67E+04 -1,38E+08 -1,75E+07 -8,71E+08 -9,32E+08 -7,03E+07 
Average MW  5,90E+01 2,88E+01 4,87E+01 2,70E+01 2,02E+00 1,80E+01 1,80E+01 1,80E+01 7,88E+01 5,21E+01 2,01E+01 2,40E+01 1,46E+02 
Mole Flows kmol/sec 2,71E+00 1,00E+00 3,79E-01 2,07E+00 3,92E-01 3,66E-01 1,54E-04 1,54E-04 3,91E-01 3,93E-02 2,92E+00 2,94E+00 7,04E-02 

Mass Flows kg/sec 1,60E+02 2,88E+01 1,85E+01 5,58E+01 7,90E-01 6,59E+00 2,78E-03 2,78E-03 3,08E+01 2,04E+00 5,87E+01 7,06E+01 1,03E+01 

OXYGE-01 kg/sec 0,00E+00 6,40E+00 0,00E+00 5,91E+00 0,00E+00 2,74E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,74E-04 8,49E-09 0,00E+00 
WATER kg/sec 5,16E+00 0,00E+00 5,54E+00 5,10E+00 0,00E+00 6,59E+00 2,78E-03 2,78E-03 2,34E-01 1,35E-01 5,20E+01 5,10E+01 0,00E+00 

HYDRO-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 7,90E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,10E-17 0,00E+00 0,00E+00 0,00E+00 
GLUCARAC kg/sec 1,85E+00 0,00E+00 0,00E+00 1,63E-09 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,91E-08 0,00E+00 0,00E+00 0,00E+00 
DEXTR-01 kg/sec 0,00E+00 0,00E+00 1,29E+01 4,38E-09 0,00E+00 1,79E-08 0,00E+00 0,00E+00 0,00E+00 0,00E+00 6,66E+00 1,96E+01 0,00E+00 
NITRO-01 kg/sec 0,00E+00 2,24E+01 0,00E+00 4,48E+01 0,00E+00 1,14E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,14E-04 1,76E-10 0,00E+00 
ADIPI-01 kg/sec 3,24E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,48E-03 0,00E+00 0,00E+00 0,00E+00 
ACETI-01 kg/sec 1,40E+02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,85E+00 1,91E+00 0,00E+00 0,00E+00 0,00E+00 
ADIPI-02 kg/sec 1,03E+01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,03E+01 
ISOPR-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,47E+01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Mass Fractions   

OXYGE-01  0,00E+00 2,22E-01 0,00E+00 1,06E-01 0,00E+00 4,17E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,68E-06 1,20E-10 0,00E+00 
WATER 3,22E-02 0,00E+00 3,00E-01 9,14E-02 0,00E+00 1,00E+00 1,00E+00 1,00E+00 7,60E-03 6,60E-02 8,86E-01 7,22E-01 0,00E+00 

HYDRO-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,40E-18 0,00E+00 0,00E+00 0,00E+00 
GLUCARAC 1,16E-02 0,00E+00 0,00E+00 2,93E-11 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,42E-08 0,00E+00 0,00E+00 0,00E+00 
DEXTR-01 0,00E+00 0,00E+00 7,00E-01 7,85E-11 0,00E+00 2,72E-09 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,14E-01 2,78E-01 0,00E+00 
NITRO-01 0,00E+00 7,78E-01 0,00E+00 8,03E-01 0,00E+00 1,73E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,94E-06 2,49E-12 0,00E+00 
ADIPI-01 2,02E-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 7,25E-04 0,00E+00 0,00E+00 0,00E+00 
ACETI-01 8,72E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,90E-01 9,33E-01 0,00E+00 0,00E+00 0,00E+00 
ADIPI-02 6,42E-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,00E+00 
ISOPR-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 8,02E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Volume Flow cum/sec 1,46E-01 2,44E+01 1,62E-02 1,27E+01 3,18E-01 1,13E+01 1,09E-03 1,07E-03 3,81E-02 1,97E-03 5,79E-02 7,03E-02 7,54E-03 
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Table 12. List of all material flows – part 2. 

Stream Name Units 02-AIR 02-FEED 02-GAS 02-H2 02-H2O 02-HD 02-KD 02-P 02-R 02-S 03-AIR 03-GAS 03-H2 

From  K-102  W-105 K-201 C-403  W-102 S-202 V-101 P-101 W-106 G-102 W-202 
To  W-106 M-201 G-102 W-202  W-102   W-103 W-101 M-102 ROX M-202 

Stream Class  MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD 
Temperature K 4,32E+02 2,93E+02 3,13E+02 3,24E+02 3,76E+02 2,93E+02 3,11E+02 3,03E+02 3,03E+02 3,56E+02 3,03E+02 3,13E+02 3,03E+02 

Pressure N/sqm 3,15E+05 1,00E+05 4,90E+05 4,00E+06 1,09E+05 1,00E+05 1,00E+05 4,00E+06 1,00E+05 5,10E+05 3,15E+05 4,80E+05 4,00E+06 
Molar Vapor Fraction  1,00E+00 0,00E+00 8,76E-01 1,00E+00 0,00E+00 0,00E+00 0,00E+00 1,00E+00 0,00E+00 0,00E+00 1,00E+00 0,00E+00 1,00E+00 

Mass Enthalpy J/kg 1,38E+05 -8,06E+06 -1,41E+06 3,80E+05 -1,51E+07 -1,59E+07 -1,58E+07 -7,77E+04 -1,48E+07 -1,32E+07 5,11E+03 -1,58E+07 7,26E+04 
Mass Entropy J/kg-K 1,99E+02 -4,02E+03 -1,02E+03 -1,39E+04 -7,81E+03 -9,14E+03 -8,89E+03 -1,47E+04 -8,67E+03 -7,52E+03 -1,66E+02 -8,86E+03 -1,49E+04 
Mass Density kg/cum 2,53E+00 1,08E+03 5,80E+00 2,99E+00 9,12E+02 9,99E+02 9,82E+02 3,26E+00 1,01E+03 1,00E+03 3,60E+00 9,80E+02 3,20E+00 
Enthalpy Flow Watt 3,98E+06 -8,96E+07 -7,87E+07 3,00E+05 -7,95E+07 -3,53E+09 -3,51E+09 -1,69E+04 -8,71E+08 -9,31E+08 1,47E+05 -7,28E+07 5,73E+04 
Average MW  2,88E+01 6,01E+01 2,70E+01 2,02E+00 1,88E+01 1,80E+01 1,80E+01 2,05E+00 2,01E+01 2,40E+01 2,88E+01 1,80E+01 2,02E+00 
Mole Flows kmol/sec 1,00E+00 1,85E-01 2,07E+00 3,92E-01 2,81E-01 1,23E+01 1,23E+01 1,06E-01 2,92E+00 2,94E+00 1,00E+00 2,56E-01 3,92E-01 

Mass Flows kg/sec 2,88E+01 1,11E+01 5,58E+01 7,90E-01 5,27E+00 2,22E+02 2,22E+02 2,18E-01 5,87E+01 7,06E+01 2,88E+01 4,61E+00 7,90E-01 

OXYGE-01 kg/sec 6,40E+00 0,00E+00 5,91E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,74E-04 8,49E-09 6,40E+00 1,79E-04 0,00E+00 
WATER kg/sec 0,00E+00 0,00E+00 5,10E+00 0,00E+00 4,97E+00 2,22E+02 2,22E+02 3,85E-04 5,20E+01 5,10E+01 0,00E+00 4,61E+00 0,00E+00 

HYDRO-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 7,90E-01 0,00E+00 0,00E+00 0,00E+00 2,14E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 7,90E-01 
GLUCARAC kg/sec 0,00E+00 0,00E+00 1,63E-09 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,75E-23 0,00E+00 0,00E+00 0,00E+00 1,63E-09 0,00E+00 
DEXTR-01 kg/sec 0,00E+00 0,00E+00 4,38E-09 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 6,66E+00 1,96E+01 0,00E+00 4,38E-09 0,00E+00 
NITRO-01 kg/sec 2,24E+01 0,00E+00 4,48E+01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,14E-04 1,76E-10 2,24E+01 1,19E-04 0,00E+00 
ADIPI-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 7,44E-09 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ACETI-01 kg/sec 0,00E+00 1,11E+01 0,00E+00 0,00E+00 2,98E-01 0,00E+00 0,00E+00 3,52E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ADIPI-02 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ISOPR-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Mass Fractions   

OXYGE-01  2,22E-01 0,00E+00 1,06E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,68E-06 1,20E-10 2,22E-01 3,90E-05 0,00E+00 
WATER 0,00E+00 0,00E+00 9,14E-02 0,00E+00 9,43E-01 1,00E+00 1,00E+00 1,77E-03 8,86E-01 7,22E-01 0,00E+00 1,00E+00 0,00E+00 

HYDRO-01 0,00E+00 0,00E+00 0,00E+00 1,00E+00 0,00E+00 0,00E+00 0,00E+00 9,82E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,00E+00 
GLUCARAC 0,00E+00 0,00E+00 2,93E-11 0,00E+00 0,00E+00 0,00E+00 0,00E+00 8,02E-23 0,00E+00 0,00E+00 0,00E+00 3,55E-10 0,00E+00 
DEXTR-01 0,00E+00 0,00E+00 7,85E-11 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,14E-01 2,78E-01 0,00E+00 9,51E-10 0,00E+00 
NITRO-01 7,78E-01 0,00E+00 8,03E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,94E-06 2,49E-12 7,78E-01 2,58E-05 0,00E+00 
ADIPI-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 3,41E-08 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ACETI-01 0,00E+00 1,00E+00 0,00E+00 0,00E+00 5,66E-02 0,00E+00 0,00E+00 1,61E-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ADIPI-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ISOPR-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Volume Flow cum/sec 1,14E+01 1,03E-02 9,63E+00 2,64E-01 5,77E-03 2,22E-01 2,26E-01 6,70E-02 5,79E-02 7,03E-02 8,00E+00 4,70E-03 2,47E-01 
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Table 13. List of all material flows – part 3. 

Stream Name Units 03-HD 03-KD 03-P 03-R 03-S 04-AIR 04-GAS 04-H2 04-HD 04-KD 04-P 04-R 04-S 

From  H-101 W-103 S-201 W-103 S-101 S-101 G-102 M-202  W-104 D-401 W-104 ROX 
To  W-103   W-104   S-101 K-202 W-104   G-103 G-101 

Stream Class  MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD 
Temperature K 3,83E+02 3,73E+02 3,91E+02 3,72E+02 3,56E+02 3,13E+02 3,13E+02 3,03E+02 5,23E+02 5,23E+02 3,13E+02 3,73E+02 3,63E+02 

Pressure N/sqm 1,00E+05 1,00E+05 1,01E+05 1,00E+05 5,05E+05 4,75E+05 4,80E+05 4,00E+06 4,00E+06 4,00E+06 1,01E+05 1,00E+05 4,95E+05 
Molar Vapor Fraction  1,00E+00 1,11E-01 7,05E-04 1,20E-04 0,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,08E-01 0,00E+00 1,25E-01 4,08E-01 

Mass Enthalpy J/kg -1,33E+07 -1,53E+07 -7,93E+06 -1,46E+07 -1,32E+07 -1,15E+05 -1,15E+05 -6,29E+03 -1,30E+07 -1,45E+07 -4,78E+06 -1,43E+07 -8,03E+06 
Mass Entropy J/kg-K -1,98E+03 -7,44E+03 -3,98E+03 -7,79E+03 -7,52E+03 -3,08E+02 -3,11E+02 -1,48E+04 -3,07E+03 -6,04E+03 -6,39E+03 -7,10E+03 -4,28E+03 
Mass Density kg/cum 5,66E-01 5,22E+00 7,07E+02 8,04E+02 1,00E+03 5,16E+00 5,21E+00 3,23E+00 1,66E+01 1,29E+02 8,28E+02 5,15E+00 1,02E+01 
Enthalpy Flow Watt -1,10E+08 -1,27E+08 -5,06E+07 -8,54E+08 -9,31E+08 -2,94E+06 -5,88E+06 -1,05E+04 -1,27E+08 -1,42E+08 -1,60E+08 -8,39E+08 -1,04E+09 
Average MW  1,80E+01 1,80E+01 6,13E+01 2,01E+01 2,40E+01 2,83E+01 2,83E+01 2,03E+00 1,80E+01 1,80E+01 7,66E+01 2,01E+01 2,56E+01 
Mole Flows kmol/sec 4,61E-01 4,61E-01 1,04E-01 2,92E+00 2,94E+00 9,06E-01 1,81E+00 8,17E-01 5,41E-01 5,41E-01 4,38E-01 2,92E+00 5,06E+00 

Mass Flows kg/sec 8,31E+00 8,31E+00 6,39E+00 5,87E+01 7,06E+01 2,56E+01 5,12E+01 1,66E+00 9,75E+00 9,75E+00 3,36E+01 5,87E+01 1,30E+02 

OXYGE-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 2,74E-04 8,49E-09 2,95E+00 5,91E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,74E-04 5,91E+00 
WATER kg/sec 8,31E+00 8,31E+00 6,95E-03 5,20E+01 5,10E+01 2,49E-01 4,97E-01 1,54E-03 9,75E+00 9,75E+00 2,64E-01 5,20E+01 5,71E+01 

HYDRO-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,65E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
GLUCARAC kg/sec 0,00E+00 0,00E+00 8,34E-02 0,00E+00 0,00E+00 1,02E-22 2,04E-22 6,99E-23 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,51E+01 
DEXTR-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 6,66E+00 1,96E+01 4,36E-21 8,72E-21 0,00E+00 0,00E+00 0,00E+00 0,00E+00 6,66E+00 6,66E+00 
NITRO-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 1,14E-04 1,76E-10 2,24E+01 4,48E+01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,14E-04 4,48E+01 
ADIPI-01 kg/sec 0,00E+00 0,00E+00 1,46E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,98E-08 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ACETI-01 kg/sec 0,00E+00 0,00E+00 6,15E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,41E-02 0,00E+00 0,00E+00 8,59E+00 0,00E+00 0,00E+00 
ADIPI-02 kg/sec 0,00E+00 0,00E+00 9,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ISOPR-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,47E+01 0,00E+00 0,00E+00 

Mass Fractions   

OXYGE-01  0,00E+00 0,00E+00 0,00E+00 4,68E-06 1,20E-10 1,15E-01 1,15E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,68E-06 4,56E-02 
WATER 1,00E+00 1,00E+00 1,09E-03 8,86E-01 7,22E-01 9,71E-03 9,71E-03 9,27E-04 1,00E+00 1,00E+00 7,86E-03 8,86E-01 4,41E-01 

HYDRO-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 9,91E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
GLUCARAC 0,00E+00 0,00E+00 1,31E-02 0,00E+00 0,00E+00 3,99E-24 3,99E-24 4,21E-23 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,16E-01 
DEXTR-01 0,00E+00 0,00E+00 0,00E+00 1,14E-01 2,78E-01 1,70E-22 1,70E-22 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,14E-01 5,14E-02 
NITRO-01 0,00E+00 0,00E+00 0,00E+00 1,94E-06 2,49E-12 8,75E-01 8,75E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,94E-06 3,46E-01 
ADIPI-01 0,00E+00 0,00E+00 2,28E-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,79E-08 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ACETI-01 0,00E+00 0,00E+00 9,63E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 8,47E-03 0,00E+00 0,00E+00 2,56E-01 0,00E+00 0,00E+00 
ADIPI-02 0,00E+00 0,00E+00 1,46E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ISOPR-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 7,36E-01 0,00E+00 0,00E+00 

Volume Flow cum/sec 1,47E+01 1,59E+00 9,03E-03 7,30E-02 7,03E-02 4,96E+00 9,82E+00 5,15E-01 5,89E-01 7,54E-02 4,05E-02 1,14E+01 1,27E+01 
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Table 14. List of all material flows – part 4. 

Stream Name Units 05-GAS 05-H2 05-HD 05-KD 05-R 05-S 06-GAS 06-HD 06-KD 06-R 06-S 07-GAS 07-HD 

From  S-101 K-202  W-105 G-103 G-101 M-102  W-106 S-301 W-102 K-101  

To  M-102 RHYD W-105  M-101 W-102 K-101 W-106  Z-302 TRENN01 ROX W-201 
Stream Class  MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD 
Temperature K 3,13E+02 3,26E+02 2,93E+02 3,13E+02 3,73E+02 3,63E+02 3,08E+02 2,93E+02 3,13E+02 2,85E+02 3,03E+02 3,63E+02 4,25E+02 

Pressure N/sqm 4,75E+05 4,90E+06 1,00E+05 1,00E+05 1,00E+05 4,90E+05 3,10E+05 1,00E+05 1,00E+05 1,01E+05 4,90E+05 5,00E+05 5,00E+05 
Molar Vapor Fraction  1,00E+00 1,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,00E+00 1,00E+00 

Mass Enthalpy J/kg -1,15E+05 3,17E+05 -1,59E+07 -1,58E+07 -1,44E+07 -1,32E+07 -5,13E+04 -1,59E+07 -1,58E+07 -8,22E+06 -1,35E+07 5,99E+03 -1,32E+07 
Mass Entropy J/kg-K -3,08E+02 -1,46E+04 -9,14E+03 -8,86E+03 -7,74E+03 -7,30E+03 -1,67E+02 -9,14E+03 -8,85E+03 -4,33E+03 -8,00E+03 -1,35E+02 -2,52E+03 
Mass Density kg/cum 5,16E+00 3,68E+00 9,99E+02 9,80E+02 9,48E+02 1,00E+03 3,46E+00 9,99E+02 9,79E+02 1,10E+03 1,06E+03 4,73E+00 2,55E+00 
Enthalpy Flow Watt -2,94E+06 5,27E+05 -2,65E+09 -2,63E+09 -7,52E+08 -9,77E+08 -2,79E+06 -7,06E+08 -7,02E+08 -3,30E+08 -9,94E+08 3,26E+05 -3,66E+04 
Average MW  2,83E+01 2,03E+00 1,80E+01 1,80E+01 2,04E+01 2,46E+01 2,86E+01 1,80E+01 1,80E+01 5,91E+01 2,46E+01 2,86E+01 1,80E+01 
Mole Flows kmol/sec 9,06E-01 8,17E-01 9,25E+00 9,25E+00 2,56E+00 3,00E+00 1,91E+00 2,47E+00 2,47E+00 6,79E-01 3,00E+00 1,91E+00 1,54E-04 

Mass Flows kg/sec 2,56E+01 1,66E+00 1,67E+02 1,67E+02 5,21E+01 7,38E+01 5,44E+01 4,44E+01 4,44E+01 4,01E+01 7,38E+01 5,44E+01 2,78E-03 

OXYGE-01 kg/sec 2,95E+00 0,00E+00 0,00E+00 0,00E+00 8,49E-09 2,74E-04 9,35E+00 0,00E+00 0,00E+00 0,00E+00 2,74E-04 9,35E+00 0,00E+00 
WATER kg/sec 2,49E-01 1,54E-03 1,67E+02 1,67E+02 4,54E+01 5,20E+01 2,49E-01 4,44E+01 4,44E+01 1,29E+00 5,20E+01 2,49E-01 2,78E-03 

HYDRO-01 kg/sec 0,00E+00 1,65E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
GLUCARAC kg/sec 1,02E-22 6,99E-23 0,00E+00 0,00E+00 0,00E+00 1,51E+01 1,02E-22 0,00E+00 0,00E+00 4,64E-01 1,51E+01 1,02E-22 0,00E+00 
DEXTR-01 kg/sec 4,36E-21 0,00E+00 0,00E+00 0,00E+00 6,66E+00 6,66E+00 4,36E-21 0,00E+00 0,00E+00 0,00E+00 6,66E+00 4,36E-21 0,00E+00 
NITRO-01 kg/sec 2,24E+01 0,00E+00 0,00E+00 0,00E+00 1,76E-10 1,14E-04 4,48E+01 0,00E+00 0,00E+00 0,00E+00 1,14E-04 4,48E+01 0,00E+00 
ADIPI-01 kg/sec 0,00E+00 2,98E-08 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 8,09E-01 0,00E+00 0,00E+00 0,00E+00 
ACETI-01 kg/sec 0,00E+00 1,41E-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 3,49E+01 0,00E+00 0,00E+00 0,00E+00 
ADIPI-02 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,60E+00 0,00E+00 0,00E+00 0,00E+00 
ISOPR-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Mass Fractions   

OXYGE-01  1,15E-01 0,00E+00 0,00E+00 0,00E+00 1,63E-10 3,72E-06 1,72E-01 0,00E+00 0,00E+00 0,00E+00 3,72E-06 1,72E-01 0,00E+00 
WATER 9,71E-03 9,27E-04 1,00E+00 1,00E+00 8,72E-01 7,05E-01 4,57E-03 1,00E+00 1,00E+00 3,22E-02 7,05E-01 4,57E-03 1,00E+00 

HYDRO-01 0,00E+00 9,91E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
GLUCARAC 3,99E-24 4,21E-23 0,00E+00 0,00E+00 0,00E+00 2,04E-01 1,88E-24 0,00E+00 0,00E+00 1,16E-02 2,04E-01 1,88E-24 0,00E+00 
DEXTR-01 1,70E-22 0,00E+00 0,00E+00 0,00E+00 1,28E-01 9,03E-02 8,01E-23 0,00E+00 0,00E+00 0,00E+00 9,03E-02 8,01E-23 0,00E+00 
NITRO-01 8,75E-01 0,00E+00 0,00E+00 0,00E+00 3,38E-12 1,55E-06 8,24E-01 0,00E+00 0,00E+00 0,00E+00 1,55E-06 8,24E-01 0,00E+00 
ADIPI-01 0,00E+00 1,79E-08 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,02E-02 0,00E+00 0,00E+00 0,00E+00 
ACETI-01 0,00E+00 8,47E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 8,71E-01 0,00E+00 0,00E+00 0,00E+00 
ADIPI-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 6,47E-02 0,00E+00 0,00E+00 0,00E+00 
ISOPR-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Volume Flow cum/sec 4,96E+00 4,51E-01 1,67E-01 1,70E-01 5,50E-02 7,36E-02 1,57E+01 4,45E-02 4,54E-02 3,66E-02 6,93E-02 1,15E+01 1,09E-03 
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Table 15. List of all material flows – part 5. 

Stream Name Units 07-KD 07-R 07-S 08-GAS 08-HD 08-KD 08-R 08-S 09-GAS 09-HD 09-KD 09-R 09-S 

From  W-201 S-302 TRENN01 G-201  W-202 S-201 M-201 W-203  W-203 C-401 W-201 
To   Z-301 M-201 W-203 W-202  M-201 W-201 G-203 W-203  S-201 RHYD 

Stream Class  MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD 
Temperature K 4,25E+02 2,85E+02 3,03E+02 4,33E+02 2,93E+02 3,14E+02 3,91E+02 3,68E+02 3,03E+02 2,93E+02 3,01E+02 3,93E+02 3,68E+02 

Pressure N/sqm 5,00E+05 1,01E+05 4,90E+05 4,90E+06 1,00E+05 1,00E+05 1,01E+05 1,00E+05 4,90E+06 1,00E+05 1,00E+05 1,01E+05 1,00E+05 
Molar Vapor Fraction  9,83E-01 0,00E+00 0,00E+00 1,00E+00 0,00E+00 0,00E+00 7,05E-04 0,00E+00 9,31E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Mass Enthalpy J/kg -1,32E+07 -7,57E+06 -8,10E+06 -4,52E+06 -1,59E+07 -1,58E+07 -7,93E+06 -7,95E+06 -5,61E+06 -1,59E+07 -1,59E+07 -7,81E+06 -7,95E+06 
Mass Entropy J/kg-K -2,61E+03 -5,14E+03 -5,58E+03 -5,38E+03 -9,14E+03 -8,85E+03 -3,98E+03 -4,09E+03 -8,18E+03 -9,14E+03 -9,03E+03 -4,09E+03 -4,09E+03 
Mass Density kg/cum 2,59E+00 1,21E+03 3,71E+03 7,47E+00 9,99E+02 9,79E+02 7,07E+02 1,04E+03 1,14E+01 9,99E+02 9,92E+02 9,96E+02 1,04E+03 
Enthalpy Flow Watt -3,67E+04 -1,26E+06 -1,22E+08 -1,42E+07 -4,41E+07 -4,39E+07 -1,07E+09 -1,29E+09 -1,76E+07 -1,68E+09 -1,67E+09 -2,73E+08 -1,29E+09 
Average MW  1,80E+01 8,17E+01 2,10E+02 5,49E+00 1,80E+01 1,80E+01 6,13E+01 6,55E+01 5,49E+00 1,80E+01 1,80E+01 6,62E+01 6,55E+01 
Mole Flows kmol/sec 1,54E-04 2,03E-03 7,18E-02 5,71E-01 1,54E-01 1,54E-01 2,21E+00 2,47E+00 5,71E-01 5,86E+00 5,86E+00 5,29E-01 2,47E+00 

Mass Flows kg/sec 2,78E-03 1,66E-01 1,51E+01 3,13E+00 2,78E+00 2,78E+00 1,36E+02 1,62E+02 3,13E+00 1,06E+02 1,06E+02 3,50E+01 1,62E+02 

OXYGE-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
WATER kg/sec 2,78E-03 2,86E-03 0,00E+00 1,37E-01 2,78E+00 2,78E+00 1,48E-01 1,48E-01 1,37E-01 1,06E+02 1,06E+02 1,38E-03 1,48E-01 

HYDRO-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 1,07E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,07E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
GLUCARAC kg/sec 0,00E+00 1,03E-03 1,51E+01 2,91E-08 0,00E+00 0,00E+00 1,77E+00 1,69E+01 2,91E-08 0,00E+00 0,00E+00 1,85E+00 1,69E+01 
DEXTR-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
NITRO-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ADIPI-01 kg/sec 0,00E+00 1,79E-03 0,00E+00 1,48E-03 0,00E+00 0,00E+00 3,09E+00 3,09E+00 1,48E-03 0,00E+00 0,00E+00 3,24E+00 3,09E+00 
ACETI-01 kg/sec 0,00E+00 7,74E-02 0,00E+00 1,93E+00 0,00E+00 0,00E+00 1,31E+02 1,42E+02 1,93E+00 0,00E+00 0,00E+00 2,99E+01 1,42E+02 
ADIPI-02 kg/sec 0,00E+00 8,31E-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,98E-02 1,98E-02 0,00E+00 0,00E+00 0,00E+00 2,08E-02 1,98E-02 
ISOPR-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Mass Fractions   

OXYGE-01  0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
WATER 1,00E+00 1,72E-02 0,00E+00 4,37E-02 1,00E+00 1,00E+00 1,09E-03 9,12E-04 4,37E-02 1,00E+00 1,00E+00 3,94E-05 9,12E-04 

HYDRO-01 0,00E+00 0,00E+00 0,00E+00 3,42E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 3,42E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
GLUCARAC 0,00E+00 6,18E-03 1,00E+00 9,27E-09 0,00E+00 0,00E+00 1,31E-02 1,04E-01 9,27E-09 0,00E+00 0,00E+00 5,30E-02 1,04E-01 
DEXTR-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
NITRO-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ADIPI-01 0,00E+00 1,08E-02 0,00E+00 4,73E-04 0,00E+00 0,00E+00 2,28E-02 1,91E-02 4,73E-04 0,00E+00 0,00E+00 9,25E-02 1,91E-02 
ACETI-01 0,00E+00 4,66E-01 0,00E+00 6,14E-01 0,00E+00 0,00E+00 9,63E-01 8,76E-01 6,14E-01 0,00E+00 0,00E+00 8,54E-01 8,76E-01 
ADIPI-02 0,00E+00 5,00E-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,46E-04 1,23E-04 0,00E+00 0,00E+00 0,00E+00 5,94E-04 1,23E-04 
ISOPR-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Volume Flow cum/sec 1,07E-03 1,38E-04 4,06E-03 4,20E-01 2,78E-03 2,84E-03 1,92E-01 1,56E-01 2,75E-01 1,06E-01 1,06E-01 3,51E-02 1,56E-01 
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Table 16. List of all material flows – part 6. 

Stream Name Units 10-GAS 10-HD 10-KD 10-R 10-S 11-R 11-S 12-GAS 12-R 12-S 13-GAS 13-R 13-S 14-S 

From  S-202  W-204 C-402 RHYD C-404 G-201 M-203 C-403 V-201 T-301 C-404 W-204 G-202 
To  M-203 W-204  S-201 G-201 D-401 V-201 M-202 D-401 W-204 M-401 S-201 G-202 Z-301 

Stream Class  MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD 
Temperature K 3,03E+02 2,93E+02 3,09E+02 3,91E+02 4,33E+02 3,33E+02 4,33E+02 3,03E+02 3,31E+02 4,33E+02 2,85E+02 3,96E+02 3,23E+02 3,23E+02 

Pressure N/sqm 4,00E+06 1,00E+05 1,00E+05 1,01E+05 4,90E+06 1,01E+05 4,90E+06 4,00E+06 1,01E+05 5,00E+05 1,01E+05 1,18E+05 5,00E+05 1,00E+05 
Molar Vapor Fraction  1,00E+00 0,00E+00 0,00E+00 0,00E+00 1,74E-01 0,00E+00 0,00E+00 1,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Mass Enthalpy J/kg -7,77E+04 -1,59E+07 -1,58E+07 -7,97E+06 -7,95E+06 -6,32E+06 -8,02E+06 -7,77E+04 -1,50E+07 -8,02E+06 -8,31E+06 -7,95E+06 -8,16E+06 -8,16E+06 
Mass Entropy J/kg-K -1,47E+04 -9,14E+03 -8,92E+03 -3,95E+03 -4,08E+03 -6,52E+03 -4,06E+03 -1,47E+04 -8,49E+03 -4,06E+03 -4,21E+03 -3,94E+03 -4,25E+03 -4,25E+03 
Mass Density kg/cum 3,26E+00 9,99E+02 9,84E+02 9,44E+02 2,73E+02 8,29E+02 8,99E+02 3,26E+00 9,49E+02 8,99E+02 1,08E+03 9,38E+02 1,05E+03 1,05E+03 
Enthalpy Flow Watt -6,78E+04 -5,30E+09 -5,27E+09 -8,16E+08 -1,30E+09 -2,25E+08 -1,29E+09 -6,78E+04 -7,17E+08 -1,29E+09 -1,25E+09 -3,60E+07 -1,31E+09 -1,31E+09 
Average MW  2,05E+00 1,80E+01 1,80E+01 5,98E+01 4,97E+01 5,25E+01 5,90E+01 2,05E+00 1,89E+01 5,90E+01 5,67E+01 6,01E+01 5,90E+01 5,90E+01 
Mole Flows kmol/sec 4,25E-01 1,85E+01 1,85E+01 1,71E+00 3,29E+00 6,79E-01 2,71E+00 4,25E-01 2,53E+00 2,71E+00 2,64E+00 7,54E-02 2,71E+00 2,71E+00 

Mass Flows kg/sec 8,72E-01 3,33E+02 3,33E+02 1,02E+02 1,63E+02 3,56E+01 1,60E+02 8,72E-01 4,78E+01 1,60E+02 1,50E+02 4,53E+00 1,60E+02 1,60E+02 

OXYGE-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
WATER kg/sec 1,54E-03 3,33E+02 3,33E+02 1,53E-01 5,29E+00 5,21E+00 5,16E+00 1,54E-03 4,49E+01 5,16E+00 5,16E+00 1,13E-06 5,16E+00 5,16E+00 

HYDRO-01 kg/sec 8,57E-01 0,00E+00 0,00E+00 0,00E+00 1,07E+00 0,00E+00 5,09E-20 8,57E-01 0,00E+00 5,09E-20 0,00E+00 0,00E+00 5,09E-20 0,00E+00 
GLUCARAC kg/sec 6,99E-23 0,00E+00 0,00E+00 0,00E+00 1,85E+00 0,00E+00 1,85E+00 6,99E-23 0,00E+00 1,85E+00 1,85E+00 0,00E+00 1,85E+00 1,85E+00 
DEXTR-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
NITRO-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ADIPI-01 kg/sec 2,98E-08 0,00E+00 0,00E+00 0,00E+00 1,35E+01 0,00E+00 1,35E+01 2,98E-08 0,00E+00 1,35E+01 3,24E+00 0,00E+00 1,35E+01 1,35E+01 
ACETI-01 kg/sec 1,41E-02 0,00E+00 0,00E+00 1,02E+02 1,42E+02 8,28E+00 1,40E+02 1,41E-02 3,06E-01 1,40E+02 1,40E+02 4,53E+00 1,40E+02 1,40E+02 
ADIPI-02 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,98E-02 0,00E+00 1,98E-02 0,00E+00 0,00E+00 1,98E-02 0,00E+00 0,00E+00 1,98E-02 1,98E-02 
ISOPR-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,22E+01 0,00E+00 0,00E+00 2,55E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Mass Fractions   

OXYGE-01  0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
WATER 1,77E-03 1,00E+00 1,00E+00 1,50E-03 3,24E-02 1,46E-01 3,22E-02 1,77E-03 9,40E-01 3,22E-02 3,44E-02 2,49E-07 3,22E-02 3,22E-02 

HYDRO-01 9,82E-01 0,00E+00 0,00E+00 0,00E+00 6,55E-03 0,00E+00 3,18E-22 9,82E-01 0,00E+00 3,18E-22 0,00E+00 0,00E+00 3,18E-22 0,00E+00 
GLUCARAC 8,02E-23 0,00E+00 0,00E+00 0,00E+00 1,13E-02 0,00E+00 1,16E-02 8,02E-23 0,00E+00 1,16E-02 1,24E-02 0,00E+00 1,16E-02 1,16E-02 
DEXTR-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
NITRO-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ADIPI-01 3,41E-08 0,00E+00 0,00E+00 0,00E+00 8,27E-02 0,00E+00 8,44E-02 3,41E-08 0,00E+00 8,44E-02 2,16E-02 0,00E+00 8,44E-02 8,44E-02 
ACETI-01 1,61E-02 0,00E+00 0,00E+00 9,99E-01 8,67E-01 2,32E-01 8,72E-01 1,61E-02 6,41E-03 8,72E-01 9,32E-01 1,00E+00 8,72E-01 8,72E-01 
ADIPI-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,21E-04 0,00E+00 1,24E-04 0,00E+00 0,00E+00 1,24E-04 0,00E+00 0,00E+00 1,24E-04 1,24E-04 
ISOPR-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 6,21E-01 0,00E+00 0,00E+00 5,34E-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Volume Flow cum/sec 2,68E-01 3,34E-01 3,39E-01 1,08E-01 5,98E-01 4,30E-02 1,78E-01 2,68E-01 5,03E-02 1,78E-01 1,39E-01 4,83E-03 1,53E-01 1,53E-01 
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Table 17. List of all material flows – part 7. 

Stream Name Units 15-S 16-S 17-S 18-S 19-S 20-S 21-S 22-S 23-S 24-S 25-S 26-S 27-S 28-S 

From  Z-301 Z-302 P-301 H-301 S-301 F-301 S-302 M-401 C-401 C-402 E-401 E-401 D-401 M-402 
To  Z-302 P-301 H-301 S-301 F-301 S-302 M-401 C-401 C-402 E-401 C-404 M-402 M-402 C-403 

Stream Class  MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD MIXCIPSD 
Temperature K 2,95E+02 2,88E+02 2,88E+02 2,85E+02 2,85E+02 2,85E+02 2,85E+02 2,85E+02 3,88E+02 3,77E+02 3,34E+02 3,13E+02 3,13E+02 3,12E+02 

Pressure N/sqm 1,01E+05 1,01E+05 1,51E+05 1,01E+05 1,01E+05 1,01E+05 1,01E+05 1,01E+05 1,01E+05 1,01E+05 1,01E+05 1,01E+05 1,01E+05 1,01E+05 
Molar Vapor Fraction  0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

Mass Enthalpy J/kg -8,20E+06 -8,21E+06 -8,21E+06 -8,22E+06 -8,22E+06 -7,57E+06 -7,57E+06 -8,31E+06 -8,30E+06 -1,10E+07 -6,51E+06 -4,48E+06 -1,58E+07 -1,51E+07 
Mass Entropy J/kg-K -4,32E+03 -4,33E+03 -4,33E+03 -4,33E+03 -4,33E+03 -5,14E+03 -5,14E+03 -4,21E+03 -4,07E+03 -5,42E+03 -6,20E+03 -6,62E+03 -8,86E+03 -8,71E+03 
Mass Density kg/cum 1,08E+03 1,09E+03 1,09E+03 1,10E+03 1,10E+03 1,21E+03 1,21E+03 1,08E+03 9,33E+02 8,95E+02 8,44E+02 8,08E+02 9,92E+02 9,69E+02 
Enthalpy Flow Watt -1,32E+09 -1,65E+09 -1,65E+09 -1,65E+09 -1,32E+09 -1,57E+06 -3,15E+05 -1,25E+09 -9,54E+08 -1,38E+08 -2,61E+08 -1,42E+07 -7,88E+08 -8,02E+08 
Average MW  5,91E+01 5,91E+01 5,91E+01 5,91E+01 5,91E+01 8,17E+01 8,17E+01 5,67E+01 5,44E+01 3,11E+01 5,33E+01 7,88E+01 1,80E+01 1,89E+01 
Mole Flows kmol/sec 2,72E+00 3,40E+00 3,40E+00 3,40E+00 2,72E+00 2,54E-03 5,08E-04 2,64E+00 2,12E+00 4,04E-01 7,54E-01 4,04E-02 2,77E+00 2,81E+00 

Mass Flows kg/sec 1,60E+02 2,01E+02 2,01E+02 2,01E+02 1,60E+02 2,08E-01 4,15E-02 1,50E+02 1,15E+02 1,26E+01 4,02E+01 3,18E+00 4,99E+01 5,30E+01 

OXYGE-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
WATER kg/sec 5,16E+00 6,45E+00 6,45E+00 6,45E+00 5,16E+00 3,57E-03 7,14E-04 5,16E+00 5,15E+00 5,00E+00 5,21E+00 2,42E-02 4,99E+01 4,99E+01 

HYDRO-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
GLUCARAC kg/sec 1,85E+00 2,32E+00 2,32E+00 2,32E+00 1,85E+00 1,28E-03 2,57E-04 1,85E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
DEXTR-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
NITRO-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ADIPI-01 kg/sec 6,36E+00 4,05E+00 4,05E+00 4,05E+00 3,24E+00 2,24E-03 4,48E-04 3,24E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ACETI-01 kg/sec 1,40E+02 1,75E+02 1,75E+02 1,75E+02 1,40E+02 9,68E-02 1,94E-02 1,40E+02 1,10E+02 7,56E+00 1,28E+01 6,04E-01 0,00E+00 6,04E-01 
ADIPI-02 kg/sec 7,27E+00 1,30E+01 1,30E+01 1,30E+01 1,04E+01 1,04E-01 2,08E-02 2,08E-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ISOPR-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 kg/sec 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,22E+01 2,55E+00 0,00E+00 2,55E+00 

Mass Fractions   

OXYGE-01  0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
WATER 3,22E-02 3,22E-02 3,22E-02 3,22E-02 3,22E-02 1,72E-02 1,72E-02 3,44E-02 4,48E-02 3,98E-01 1,30E-01 7,60E-03 1,00E+00 9,40E-01 

HYDRO-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
GLUCARAC 1,16E-02 1,16E-02 1,16E-02 1,16E-02 1,16E-02 6,18E-03 6,18E-03 1,24E-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
DEXTR-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
NITRO-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ADIPI-01 3,96E-02 2,02E-02 2,02E-02 2,02E-02 2,02E-02 1,08E-02 1,08E-02 2,16E-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ACETI-01 8,71E-01 8,71E-01 8,71E-01 8,71E-01 8,71E-01 4,66E-01 4,66E-01 9,32E-01 9,55E-01 6,02E-01 3,19E-01 1,90E-01 0,00E+00 1,14E-02 
ADIPI-02 4,53E-02 6,47E-02 6,47E-02 6,47E-02 6,47E-02 5,00E-01 5,00E-01 1,39E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 
ISOPR-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 

METHY-01 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,51E-01 8,02E-01 0,00E+00 4,81E-02 

Volume Flow cum/sec 1,48E-01 1,84E-01 1,84E-01 1,83E-01 1,46E-01 1,72E-04 3,44E-05 1,39E-01 1,23E-01 1,40E-02 4,76E-02 3,93E-03 5,02E-02 5,47E-02 

 


