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Abstract 
 

The waste heat recovery technologies have become very relevant since many industrial plants 

continuously reject large amounts of thermal energy during normal operation which 

contributes to the increase of the production costs and also impacts the environment.  

The simulation programs used in industrial engineering enable development and optimization 

of the operational processes in a cost-effective way.  

The company Chematur Engineering AB, which supplies chemical plants in many different 

fields of use on a worldwide basis, was interested in the investigation of the possibilities for 

effective waste heat recovery from the hydrogenation of dinitrotoluene, which is a sub-

process in the toluene diisocyanate manufacture plant. The project objective was to implement 

waste heat recovery by application of the Organic Rankine Cycle and the Absorption 

Refrigeration Cycle technologies. Modeling and design of the Organic Rankine Cycle and the 

Absorption Refrigeration Cycle systems was performed by using Aspen Plus® simulation 

software where the waste heat carrier was represented by hot water, coming from the internal 

cooling system in the hydrogenation process. Among the working fluids investigated were 

ammonia, butane, isobutane, propane, R-123, R-134a, R-227ea, R-245fa, and ammonia-water 

and LiBr-water working pairs. The simulations have been performed for different plant 

capacities with different temperatures of the hydrogenation process. 

The results show that the application of the Organic Rankine Cycle technology is the most 

feasible solution where the use of ammonia, R-123, R-245fa and butane as the working fluids 

is beneficial with regards to power production and pay-off time, while R-245fa and butane are 

the most sustainable choices considering the environment. 

 

Keywords: Low-grade waste heat, Waste heat recovery, Organic Rankine Cycle, Absorption 

Refrigeration, Aspen Plus, Steady-state simulations, Modeling and design 
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Sammanfattning 
 

Återvinning av industriell spillvärme har blivit mycket relevant eftersom många 

industrianläggningar under normala driftförhållanden släpper ut stora mängder värmeenergi 

vilket bidrar till ökning en av produktionskostnaderna och också påverkar miljön. 

Simuleringsprogrammen som används i industriell processteknik möjliggör utveckling och 

optimering av driftprocesser på ett kostnadseffektivt sätt.  

Chematur Engineering AB är ett företag som levererar kemiska anläggningar inom många 

olika användningsområden. De var intresserade av att undersöka möjligheterna till en effektiv 

värmeåtervinning från en hydreringsprocess, nämligen hydrering av dinitrotoluen, vilket är en 

delprocess i en tillverknings anläggning för toluendiisocyanat. 

Projektets syfte var att undersöka återvinning av spillvärme genom att tillämpa två tekniker, 

nämligen organisk Rankine-cykel och absorptionskyla-cykel. Modellering och design av 

organisk Rankine-cykel och absorptionskylcykel utfördes med hjälp av Aspen Plus® 

simuleringsprogram där spillvärmebäraren representerades av varmt vatten, som kommer från 

interna kylsystemet i hydreringsprocessen. Bland de undersökta arbetsvätskorna var 

ammoniak, butan, isobutan, propan, R-123, R-134a, R-227ea, R-245fa samt ammoniak-vatten 

och LiBr-vatten binära lösningar. Simuleringarna har utförts med avseende på olika 

anläggningskapaciteter med olika temperaturer på hydreringsprocessen. Resultaten visar att 

applikationen av organisk Rankine cykel tekniken är den lämpligaste lösningen där 

användningen av ammoniak, R-123, R-245fa och butan som arbetsvätskor är fördelaktig när 

det gäller elproduktion och återbetalningstid tid, medan R-245fa och butan är de mest hållbara 

val med tanke på miljön.  

 

Nyckelord: Lågvärdigt spillvärme, spillvärmeåtervinning, organisk Rankine-cykel, 

absorptionskyla, Aspen Plus, steady-state simuleringar, modellering och design 
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Introduction  
 

In recent years the application of low-grade heat sources, as geothermal heat, exhaust gases 

from gas turbines, solar energy and waste heat from industrial plants, has received much more 

attention. The use of fossil fuels becomes more expensive due to increasing extraction costs 

and rising environmental taxes due to their contribution to the environmental impact. Many 

manufacturing industries, for example the chemical industry, metallurgy and incineration 

plants discharge huge amounts of energy in form of waste heat.  There is a growing need to 

find ways to efficiently recover the waste heat to achieve energy saving and reduce 

environmental effects by improving industrial energy efficiency. Today there is a wide range 

of technologies that make it possible to convert waste heat into a high quality and more useful 

energy which can provide for example shaft power, electricity or cooling.  

 

The Chematur Technologies Group is specializing in supplying chemical plants to clients 

world-wide, mainly based on proprietary technologies. Chematur Engineering AB is a 

member of the Chematur Technologies Group, situated in Karlskoga, Sweden. The company 

has technologies for nitration, hydrogenation and for producing Isocyanates as well as for 

Hydrogen Peroxide, Bioethanol, Bioethylene, Supercritical CO2 and production of other 

chemicals.  

 

This MSc thesis work aims at improving the energy efficiency of one of the company’s most 

important processes, namely production of Toluene Diisocyanates (TDI). There are several 

TDI plants in operation in India and China supplied by Chematur Engineering AB.  TDI is a 

widely used base material for producing soft polyurethane foams. The main usage of the final 

product is in the automotive and furniture industries. One of the steps in TDI process is 

hydrogenation of Dinitrotoluene (DNT) to Toluenediamine (TDA).  

 

The existing plant produces 100 000 metric tonnes per year of TDI where the hydrogenation 

process generates over 20 MW of waste heat. The DNT hydrogenation reaction takes place at 

115℃ in a continuous stirred tank reactor (CSTR), the hydrogenator. The reaction is 

extremely exothermic, approximately 1090 kJ/mol DNT. At present the heat of reaction is 

removed by cooling water at 33°C which is passed through the hydrogenator’s internal coils 

by a closed cooling water system. The hydrogenator is vented automatically through a 

vapour-liquid separator at a rate required to prevent the build-up of inerts in the hydrogenator. 

The vapour phase in the reactor is maintained at a minimum of 85 volume percent hydrogen 

on a water-free basis. The venting rate varies with the concentration of inerts in the hydrogen 

feed and with the hydrogenation rate. The vent gases are sent to the incinerator. [1] The 

internal cooling equipment of the hydrogenator contains 8 vertical tube bundles, 65 tubes per 

bundle in one pass down and up, as shown in Figure 1.  
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Figure 1 The hydrogenator in the TDI process. 

 

The hydrogenator reaction temperature is maintained at the desired level by controlling the 

cooling water entrance temperature and flow rate. [1] The temperature in the hydrogenator 

should not exceed 120℃, thus preventing increased formation of undesirable by-products. 

Therefore the exit temperature of the cooling water in normal operation is relatively low. The 

purpose of this MSc thesis project is to examine the possibilities of waste heat recovery from 

the hydrogenator’s cooling system.  

 

Waste heat recovery is essential for increased energy efficiency in the chemical process 

industry. There are many different technologies and methods for waste heat recovery from 

low grade heat sources. Chematur Engineering’s desire is to find and evaluate different 

technologies for using the energy evolved in the hydrogenation step, either within the TDI 

process or for external use. 

 

The scope of this work includes the theoretical application of two well-known waste heat 

recovery techniques, namely Organic Rankine Cycle (ORC) and Absorption Refrigeration 

Cycle systems, to generate electrical power or cooling effect respectively. The two techniques 
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will be evaluated in terms of their heat recovery efficiency and payback time. In consultation 

with Chematur Engineering and with the supervisor from Karlstad University, it was decided 

to examine two different scenarios as specified below: 

 

1. Application of the ORC method for waste heat recovery from the cooling water 

coming from the hydrogenator  with resulting electrical power generation  

2. Application of an Absorption Refrigeration Cycle system for waste heat recovery from 

the cooling water coming from the hydrogenator with resulting production of cooling 

power 

 

The two scenarios have been tested at two reaction temperatures in the hydrogenator, 120 and 

150 degrees Celsius.  The higher hydrogenation temperature was chosen to evaluate the 

potential benefit by operating at this temperature for possible future hydrogenation process 

optimization.  

 

The methods that have been used in this work include literature search, process modeling 

using Aspen Plus simulation software and manual calculations. Estimation of the economic 

feasibility has also been included, as well as an analysis and assessment of each system by a 

comparison with each other. The choice of working fluids was found to influence both the 

efficiency and the cost of the studied systems. 

 

Organic Rankine Cycle (ORC) 
 

Power generation using an ORC in recovering the waste heat is beneficial in many respects 

such as economical utilization of the energy, reduced electrical loads for the water cooling 

process and reduced emission of CO2. The Rankine cycle can be described as a cycle for 

vapor power plants in which the thermal energy is converted to the work by vapor expansion 

in a turbine. The original Rankine cycle, which also is called the steam Rankine cycle, uses 

water in the closed loop and consists of the following four processes shown in Figure 2:  

 

1 - 2 Compression in a pump 

2 - 3 Heat addition in a boiler 

3 - 4 Expansion in a turbine 

4 - 1 Heat rejection in a condenser 
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Figure 2 shows the Rankine cycle. Designations (W) and (Q) represent work and heat loads respectively. 

Water as a working fluid is characterized by thermal stability and low viscosity, it is not toxic 

and is a good energy carrier since it has a high heat of vaporization. But there are many 

problems encountered such as the requirement of superheating to prevent condensation during 

expansion, risk of erosion of turbine blades, and the requirement of complex and expensive 

turbines. This explains why water is more suitable for high temperature applications and large 

centralized systems. [2] 

 

In the Organic Rankine Cycle (ORC) organic fluids are used as a working fluid instead of 

water. This MSc thesis will examine more closely the influence of some working fluids on the 

ORC´s efficiency in the current system. The work principle for the ORC is analogous to that 

of the original Rankine cycle where the working fluid in state 1 is a liquid which enters the 

pump to be compressed to the operating pressure of the boiler (heat exchanger) at state 2 as 

shown in Figure 2. In the heat exchanger, the working fluid absorbs the thermal energy and 

vaporizes. The vapor at state 3 expands in the turbine and produces work by rotating the shaft 

connected to the electrical generator. The pressure and the temperature of the vapor drops to 

state 4 and then the vapor condenses in a condenser to state 1. [3] The main advantage of 

using working cycle fluids of organic nature is their low boiling point in contrast to water, 

which allows evaporation even by using heat sources with temperatures below 100 °C without 

the necessity to keep the pressure in the boiler below atmospheric pressure. [4] Furthermore, 

the smaller temperature difference between evaporation and condensation also means that the 

pressure drop will be much smaller and thus simple single stage turbines can be used. The 

expansion process ends in the vapor region and hence superheating is not required and erosion 

risks are decreased.  The ORC system`s configuration can be modified depending on several 
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parameters, such as choice of working fluid, available heat source temperature and 

condensation temperature, etc. The modifications usually result in an increased number of 

system components and complexity.  

 

Absorption Refrigeration Cycle (ARC) Systems  
 

The waste heat can be utilized also by using vapor-absorption refrigeration systems. As the 

name infers, absorption refrigeration systems involve the absorption of a refrigerant vapor by 

a transport medium. Absorption can be defined as a process where one component in one state 

interpenetrates and integrates into another of a different state with mixture or solution 

formation as the result. This process can be reversed by applying heat to the mixture so that 

the absorbed phase can be released from the absorbent. The most common working fluid is 

ammonia-water, where ammonia works as the refrigerant and water as the transport medium 

or absorbent. Another absorption refrigeration system that will be discussed in this study is 

water-lithium bromide, where water serves as the refrigerant.  

 
Figure 3 Schematic diagram for single effect absorption cycle. Redrawn from [5]. 

 

For simplicity of explanation, the absorption cycle operating principle is shown in Figure 3, 

where a water-lithium bromide absorption refrigeration system is assumed. The operation of 

the system starts at the absorber where liquid solution will absorb the refrigeration vapor 

exiting the evaporator. Absorption is an exothermic reaction. Therefore a cooling feed is 

necessary to keep the absorber at the low pressure of the evaporator. The rich solution is then 

pumped to the generator, or desorber, where the waste heat is added to allow the separation of 

the refrigerant fluid (water) from the absorbent fluid (lithium bromide). Heat is transferred to 

the solution to vaporize the refrigerant, and then its vapor passes through the condenser, 

expansion valve and evaporator. The cooling is produced in the evaporator as heat from the 

surroundings causes the water to evaporate, whereby the water enters the absorber as a vapor 
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to meet the separated strong liquid solution coming from the generator through another 

expansion valve. It is common to add a heat exchanger between the generator and the 

absorber to recover some heat from the hot concentrated solution leaving the generator and 

preheat the solution leaving the absorber. [5][6][7] 

 

The operation principle for ammonia-water absorption refrigeration system is almost the same 

with the addition of an extra component called the rectifier. Since both ammonia and water 

are volatile, it is necessary to purify the refrigerant before it enters the condenser, otherwise 

the water would join with ammonia vapor going to the condenser which could cause ice 

formation and block the throttling valve, or also accumulate inside the evaporator and impair 

the chilling process. However, ammonia-water as a working pair is much cheaper, 

environmental friendly, and has a higher operating pressure than the water-lithium bromide 

absorption refrigeration system which operates at vacuum pressure. [7][8][9] 

 

The absorption power cycle, which uses ammonia-water as a working fluid, is also known as 

the Kalina cycle. This cycle consists of a turbine, condenser, evaporator or boiler and a pump, 

just like the proposed ORC model, but it also has a separator, absorber and regenerator for 

internal heat recovery like the absorption refrigeration cycle. In contrast to the latter, the 

cooling effect is substituted with electrical power generation by expansion in the turbine. 

 

Working fluids 

 

It appears very clear in the previous studies that the properties of the working fluids are 

essential to the system performance. The variety of possible working cycle fluids is near to 

infinity but there is no perfect fluid to choose since thermodynamic performance of a working 

fluid depends on the available heat source temperature and nature. The temperature of the 

available cooling water, used for vapor condensation is also very important. Among the 

properties, which a desirable working fluid should exhibit, are low toxicity, controllable 

flammability, good material compatibility and stability. Considering the Organic Rankine 

Cycle the working fluids can be categorized into three groups: dry, isentropic and wet fluids, 

which is by governed the slope of their saturation vapor curve on a temperature-entropy (T-s) 

diagram. The dry fluids have a positive gradient, the wet fluids a negative, and the isentropic 

fluids gradients are practically vertical. When dry and isentropic fluids leave the turbine as 

expanded vapor, they may still be superheated which increases the load on the condenser, 

while the wet fluids tend to stay in the two-phase region at the turbine exit, increasing the risk 

of corrosion in the turbine blades by the liquid droplets formed during the expansion. 

Therefore, the type of working fluid is of big importance and a proper medium for the current 

system should be chosen. Not least, the fluid`s compatibility with different materials should 

also be considered. For example, the ammonia-water solution is corrosive which limits the 

materials that may be used. It is also toxic and needs special safety measures against leakage. 

Owing to environmental concerns, it requires further investigation as to whether certain 

working fluids are suitable for future use. For example R-123 is a chlorofluorocarbon 
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compound which contributes to ozone degradation and global warming and is expected to be 

phased out in year 2020 or 2030. [10][11][12][13][14] 

LiBr-water solution proposed as a working fluid for ARC system is one of the well accepted 

choices in order to avoid the negative environmental impact associated with the use of the 

traditional refrigerants. However, process operations using the LiBr-water mixture can be 

associated with some problems. Since the lithium bromide is a water-soluble salt, there is a 

specific minimum solution temperature for any given salt concentration. If the solution 

concentration is too high or the solution temperature is too low, crystallization may occur 

which leads to disturbance of the process and, in a worst case scenario, damage to the solution 

heat exchanger. The most common cause of crystallization is air leakage into the absorption 

machine. This study will take a closer look at ten different working fluids which has been 

proposed in the literature and are listed in Table 1. [15][16][17] 

 

Table 1 Working fluid properties.  

Process Name Tc [°C] Pc [bar] Type  ASHRAE
1
 

safety group  

ORC Ammonia (R-717) 132 113 wet B2 

 2,2-Dichloro-1,1,1-

trifluoroethane  

(R-123) 

184 36 isentropic B1 

 1,1,1,2-Tetrafluoroethane 

(R-134a) 

73 38 wet/isentropic A2 

 1,1,1,2,3,3,3-

Heptafluoropropane 

(R-227ea) 

103 30 isentropic A1 

 1,1,1,3,3-

Pentafluoropropane 

(R-245fa) 

154 36 isentropic B1 

 Isobutane (R-600a) 135 36 dry A3 

 Butane (R-600) 152 38 dry A3 

 Propane (R-290) 97 43 isentropic A3 

 Ammonia-water (NH3-

H2O)
2
 

263
3
 197

3
 - - 

      

ARC Name Mole fraction of 

refrigerant 

Tc [°C] Pc [bar] 

 Ammonia-water 

(NH3-H2O) 

0.46 283
3
 203

3
 

 Lithium bromide -water 

(LiBr-H2O) 

0.62 - - 

                                                           
1
 Clarification of the definition can be found in Appendix A 

2
 Mole fraction for ammonia is 0.56 

3
 The value was calculated by interpolation based on mole fraction [23] 
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The investment cost of a low-temperature energy recovery system is highly dependent on the 

cost of the system components, i.e. heat exchangers, turbine and pumps. The cost of these 

components is directly related to size and material choice. Therefore it is important to 

compare the size of the components needed for different working fluids. 

 

General assumptions and constraints 
 

 This work has aimed to estimate the theoretical value of the useful electrical power 

and cooling effect which could be obtained from proposed systems with different 

working fluids. The cost assessment covers the main components (heat exchangers, 

turbines and pumps) with prices based on their dimensions. Economic feasibility was 

estimated by calculating the pay-off time.  

 The ORC cycle considered in this study is a simple cycle, which consists of a pump, 

evaporator, turbine and condenser as shown in Figure 2. The working fluid is saturated 

liquid when it enters the pump. In the evaporator it recovers heat from the heat source 

which is the hot water stream in the system studied. Hot pressurized working fluid 

expands in the turbine, thus producing work. 

 All of the media in Table 1 are investigated as working fluids in the ORC system 

model, except ammonia-water binary mixture. Since ammonia-water mixture is 

classified as a binary refrigerant fluid, the power cycle is partially different from the 

suggested ORC as the technology is based on a hybrid absorption power cycle which 

is also known as the Kalina cycle. [13][17] 

 The single effect absorption cycle as shown in Figure 3, which is also the simplest 

one, is examined in this study for both ammonia–water and water-lithium bromide as 

working fluids. The absorption cycle systems have been investigated concerning the 

feasibility of producing sufficient cooling effect to satisfy two specific utility 

demands: 

 Cooling of the refrigeration carrier from -30°C to -35°C with a consumption of 

385 kWh/ton TDI. 

 Cooling of the chilled water from 13°C to 8°C with a consumption of 44kWh/ton 

TDI. 

 The sink temperature for systems studied is 33°C and it was assumed that sufficient 

amounts of cooling water are available.  

 The waste heat carrier is the hot water stream coming from the internal cooling system 

in the hydrogenator.  

 In order to extend the waste heat recovery potential, it was decided to execute 

investigations with some assumptions related to the present TDI plant. As mentioned 

earlier, two hydrogenation temperatures have been chosen for investigation, 120 and 

150 degrees Celsius respectively. It was assumed that the hydrogenator in the TDI 

plant with a capacity of 150 000 tpy (tonnes per year) TDI would work properly with 

both lower (120°C) and higher (150°C) reaction temperatures. At lower plant capacity, 
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100 000 tpy TDI, the acceptable reaction temperature was determined to be 120°C. It 

was also assumed that the present internal cooling coils system in the hydrogenator 

could be modified in order to increase cooling surface area. This will be described in 

detail later in the method section.  

 

Thus, the examination scope of this work can be summarized as follows: 

 

 Efficiency investigation of waste heat recovery system from hydrogenation process in the 

TDI plant by application of ORC and ARC technologies respectively where three different 

settings are available: 

 

1. Plant capacity of 100 000 tpy TDI with hydrogenation reaction temperature at 120°C. 

2. Plant capacity of 150 000 tpy TDI with hydrogenation reaction temperature at 120°C. 

3. Plant capacity of 150 000 tpy TDI with hydrogenation reaction temperature at 150°C. 
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Method 
 

Modeling and simulations 
 

The application of modeling and simulations take a central place in modern process 

engineering, such as chemical process engineering and process design. Process simulations 

allow generation and evaluation of all potential design alternatives with respect to different 

variations and constraints, selection of the most suitable of them, optimization of material and 

energy consumption, as well as operational and environmental performance. There is a wide 

selection of the software packages used for modeling and simulations that are adapted to the 

various process engineering and process design purposes. This diploma work will focus on 

simulations performed in the software Aspen Plus® and the related products such as Aspen 

Plate Exchanger (Aspen Plate+
TM

) and Aspen Shell & Tube Exchanger (Aspen Tasc+
TM

) 

from the supplier AspenTech. Aspen Plus is classified as a full steady-state simulation 

program that produces accurate and detailed flow sheets by simulations of the operation of a 

complete process, or individual units.  Aspen Plus® is a widely used computational tool 

which has been implemented by many chemical organizations for design, optimization and 

performance monitoring of chemical processes. Aspen Plus predicts process behavior using 

engineering relationships such as mass and energy balances, phase and chemical equilibrium, 

as well as reaction kinetics. With reliable physical properties, thermodynamic data, realistic 

operating conditions, and rigorous equipment models, engineers are able to simulate actual 

plant behavior. [18][19] 

 

Flowsheeting 
 

Flowsheeting is one of the central activities in chemical process engineering. Flowsheeting 

can be defined as the use of computer aids to perform steady-state heat and mass balances, 

sizing and cost calculation for chemical processes. There are two basic types of process 

simulation software: Sequential-Modular (SM) programs and Equation Based (EB) programs. 

Aspen Plus performs flow sheet calculations using the sequential modular method where each 

unit operation block is executed in sequence. The calculated output streams of each block are 

used as feed to the next block. Flow sheets with recycle loops, design specifications, or 

optimization problems must be solved iteratively. The calculation sequence begins at a certain 

place. It can be either the incoming stream with user-defined input, or the tear stream. A tear 

stream is a recycle stream with component flows, total mole flow, pressure, and enthalpy all 

determined by iteration. It can be any stream in a loop. Tear streams are modified after 

successive iterations by applying an appropriate convergence algorithm. The calculations are 

terminated when both the units and the tear streams satisfy convergence parameters, usually 

the closure of the material and energy balance. The unit operation model, which is the basic 

element in a modular simulator, is obtained by means of conservation equations for steady-

state process where the accumulation term is zero. [20][21] 
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Software architecture 
 

The architecture of software is a matter of computer science but it is essential to point out that 

flowsheeting software is not only a collection of the algorithms for solving different unit 

operations. The procedural approach for each unit is achieved by the Executive Program, 

which retrieves parameters of physical properties and routines, monitors convergences, 

performs both computations and exchange of data and many other functions. Among the most 

important components are databases with physical parameters for pure components and 

mixtures and libraries for computing physical properties, physical and chemical equilibrium 

calculations, unit operations and reactions, and libraries with the mathematical solvers. The 

SM simulator`s architecture can be presented by the main components as shown in Figure 4. 

 

 
Figure 4 General architecture of a Sequential-Modular simulator. Redrawn from [20] 

 

Property methods 
 

One of the most crucial factors to the successful simulation is to select a suitable property 

method. Accurate thermodynamic and physical properties are essential to the modelling 

process and required by the unit operation model.  A property method is a collection of sub-

methods and models used to calculate thermodynamic and transport properties.  

Thermodynamic properties are: 

 Fugacity coefficient (K values) 

 Enthalpy 

 Entropy 

 Gibbs free energy 

 Volume 
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Transport properties are: 

 Viscosity 

 Thermal conductivity 

 Diffusion coefficient 

 Surface tension 

 

A unique combination of methods and models for calculating a property is called a route. One 

method is an equation used to calculate physical properties based on universal scientific 

principles only, such as thermodynamics. However, this equation may contain assumptions, 

such as that the vapor can be treated as ideal gas or the pressure is low enough to neglect the 

pressure correction. Applied thermodynamics indicate that there usually is more than one 

method for calculating a particular property. 

 

There are several classes of property methods available in Aspen Plus®. Each class extends to 

several common and distinctive models of the property methods. The property methods which 

were chosen for modeling the waste heat recovery system by using the ORC and the ARC 

technologies are briefly described in this diploma work. 

 

Ideal property method (IDEAL) 
 

The name of the method speaks for itself which means that this method is most recommended 

for systems in which ideal behavior can be assumed. 

The IDEAL property method accommodates both Raoult´s and Henry`s laws. The method 

uses the: 

 Ideal activity coefficient model for the liquid phase  

 Ideal gas equation of state for the vapor phase  

 Rackett model for liquid molar volume 

 

Ideal activity coefficient model 

 

This model is used in Raoult's law where activity coefficient γ of component i in the pure 

state is represented by equation (1). It represents ideality of the liquid phase. This model can 

be used for mixtures of hydrocarbons of similar carbon number.  

           (1) 

Ideal gas equation of state 

 

Equation of state (EOS) is an algebraic equation relating the fundamental variables of state 

fluid, for a P, V and T. The ideal gas law, or ideal gas equation of state, combines the laws of 

Boyle and Gay-Lussac and it is expressed in equation (2) where p is pressure [Pa], T is the 

temperature [K], R is the gas constant [J/mol/K] and Vm is molar volume [m
3
/mol]. It models 
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a vapor as if it consisted of point masses without any interactions. The ideal gas law is used as 

a reference state for equation-of-state calculations. 

 

            (2) 

 

Rackett model 

 

The Rackett equation calculates liquid molar volume for all activity coefficient based property 

methods. In equation (3) Vsat liq is the molar specific volume for the saturated liquid [cm
3
/g 

mol], Vc is the critical molar volume [cm
3
/g mol], Zc is the critical compressibility factor and 

T/Tc is the reduced temperature which can also be expressed as Tr. [22][23] 

 

             
(     ⁄ )      

    (3) 

 

 

Peng-Robinson property method (PENG-ROB) 
 

The basis for the PENG-ROB property method is the Standard Peng-Robinson equation of 

state with the standard alpha function. This method is recommended for gas processing, 

refinery, and petrochemical applications, and can be used for nonpolar or mildly polar 

mixtures. 

 

Standard Peng-Robinson equation of state  

 

The molecules in an ideal gas have no size and therefore no repulsion. To correct this, the 

total volume must accommodate the volume of the molecules represented by co-volume b. 

Another intermolecular force which must be taken into account is the attraction as represented 

by parameter a. Thus the cubic EOS based on the van der Waals equation can be derived as in 

the equation (4) where P is the pressure [Pa], T is the temperature [K], R is the gas constant 

[J/mol/K] and Vm is molar volume [m
3
/mol].  

 

  
  

    
 

 

  
     (4) 

 

Cubic EOS according to Peng-Robinson is today a standard option in flowsheeting and it is 

suitable for processes involving hydrocarbons. The Standard Peng-Robinson EOS is shown in 

(5). 

 

  
  

    
 

 

  (    )  (    )
   (5) 

 

Standard alpha function 
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In the standard EOS, the pure component parameters are calculated from correlations based 

on critical temperature, critical pressure, and the acentric factor ω, which is a thermodynamic 

measure of the shape and size of the molecule. To improve the quality of vapor pressure 

calculation e.g. for polar compounds and long chain hydrocarbons, the temperature 

dependency of the attraction factor a is a function of the alpha function α as shown in 

equations (6) and (7). In those equations the parameter   is a polynomial function of acentric 

factor ω, Tr is the reduced temperature, Tc and Pc are critical temperature [K] and critical 

pressure [Pa]. [20][23] 

 

 ( )    (     ) ( )    (6) 

 

   ⁄     (    
  ⁄ )    (7) 

 

 

Electrolyte property method (ELECNRTL) 
 

In a process operating with non-ideal chemical systems, the vapor-liquid equilibrium (VLE) is 

used to determine liquid-phase non-ideality. There are models with flexible parameters which 

sufficiently represent most non-ideal solution behavior. One of them is the Wilson-equation 

model represented by equation (8) where i, j and k represent species, γ is the activity 

coefficient, x is the mole fraction and parameter G includes the relation of liquid molar 

volumes and Wilson constants. 

 

         ∑           ∑
      

∑        
     (8) 

 

The Wilson model describes strongly non-ideal liquid solutions and is commonly used in 

alcohol-hydrocarbons applications, but it is not applicable to systems having more than one 

liquid phase.  Non-random two-liquid (NRTL) model, an extension of the Wilson equation, 

calculates liquid-activity coefficients, and it is recommended for highly non-ideal chemical 

systems where it can be used for VLE and LLE applications.  

 

The electrolyte solutions, as the LiBr-water solution, are extremely non-ideal due to the 

presence of charged species. The electrolyte-NRTL based property methods can handle mixed 

solvent systems at any concentration. The ELECNRTL property method is based on the 

electrolyte NRTL activity coefficient model for calculating heats of mixing, and the Redlich-

Kwong EOS is used for all vapor phase properties. The ELECNRTL model is used to 

correlate the mean ionic activity coefficients of a mixed-solvent electrolyte system. [22][23] 

 

Electrolyte NRTL activity coefficient model 

 

The electrolyte NRTL model represents thermodynamic properties of various electrolyte 

systems using binary and pair parameters. This model evaluates activity coefficients for ionic 
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species in aqueous electrolyte systems as well as in mixed solvent electrolyte systems, and 

becomes equivalent to the NRTL model when electrolyte concentrations are zero. 

 

Redlich-Kwong equation of state 

 

Redlich-Kwong EOS is another example of the cubic EOS which can describe vapor phase 

properties accurately up to medium pressures. The equation can be represented by relations 

according to (5), (9) and (10) where P is the pressure [Pa], T is the temperature [K], R is the 

gas constant [J/mol/K], Vm is molar volume [m
3
/mol], a and b represent intermolecular forces 

as was mentioned previously. [5][20][22][23] 

 

 

  
  

    
 

 

   ⁄   (    )
    (9) 

 

 ( )   √ ⁄     (10) 

 

 

Property methods for pure water states 
 

For pure water states it is common to use the NBS/NRC (National Academy of 

Sciences/National Research Council) steam tables (STEAMNBS) or the ASME (American 

Society of Mechanical Engineers) steam tables (STEAM-TA) which are implemented as any 

other EOS in the Aspen physical property system. They can calculate any property of water 

without any parameter requirements. [23] 

 

Unit Operations 
 

Unit modeling in the Aspen Plus® simulation program can offer several mode options, most 

usual among them are design and rating modes. Design mode is used when the performance 

of the unit is defined to determine the size and other characteristics. In rating mode the 

performance of the unit is computed for a specified design. For all units in this study the 

design mode was preferred since development of the appropriate design for units of the 

investigation systems was in the focus.  

 

Heat transferring units 
 

When modeling the heat transfer devices, Heater and HeatX operation units were chosen.  
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Heater 
 

The Heater is a basic model of the heat exchanger and can represent heaters, coolers, mixers, 

valves or tanks. This model allows specifying of the temperature or heat duty of the unit and 

performs phase calculations for estimation of, for example, bubble or dew point, vapor 

fraction, addition or removal of the specified heat duty, etc. The Heater model has no dynamic 

features where the outlet flow is determined by the mass balance in accordance with equation 

(11).  

 

∑  ̇    ̇       (11) 

 

The Heater-block produces one outlet material stream. There are also possibilities for optional 

streams as water decant stream and heat stream provided by additional specifications such as 

illustrated in Figure 5. 

 

 
Figure 5 Flowsheet connectivity for Heater-block. 

 

HeatX 
 

The HeatX is the model of the two-stream heat exchanger where flowsheet connectivity can 

be illustrated as in Figure 6. The purpose of a heat exchanger is the transferring of thermal 

energy between two streams of fluids separated by a solid surface. The heat transfer in the 

heat exchangers occurs between liquid and liquid, liquid and gas, or gas and gas where the hot 

stream of media flows through the hot side of the heat exchanger and the cold stream flows 

through the cold side. Those two sides are usually separated by tubes or plates. Heat 

exchangers may also carry two-phase flow resulting in boiling or in condensation.  
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Figure 6 Flowsheet connectivity for HeatX. 

The HeatX model can be used for modeling of the co-current, counter-current and cross-flow 

shell and tube or plate heat exchangers. HeatX in the design mode can perform several types 

of calculations. Among them are shortcut and rigorous designs. The main difference between 

these calculation methods is the procedure for the calculation of the overall heat transfer 

coefficient, U. The overall heat transfer coefficient is an essential parameter in the design and 

operation of heat exchangers. In the heat exchanger the heat is first transferred from the hot 

fluid to the wall by convection, through the wall by conduction, and from the wall to the cold 

fluid again by convection. Any radiation effects are usually included in the convection heat 

transfer coefficient. Typical values of the overall heat transfer coefficient for water as hot 

fluid in the shell-and-tube heat exchanger are between 800 and 1500 [W/m
2
 °C]. The overall 

heat transfer coefficient is the inverse of the overall resistance to the heat transfer, which is 

the sum of several individual resistances, which can be expressed by the simplified equation 

(12). 

 
 

 
 

 

  
 

 

  ⁄
 

 

  
    (12) 

 

In equation (12) U is the overall heat transfer coefficient [W/m
2
 K], α is the individual 

resistance where the subscripts i and o represents the inner and outer surface of the tube 

[W/m
2
 K], λ is the thermal conductivity [W/m K] and s is the wall thickness [m]. Including 

the inside and outside fouling coefficients or factors in equation (12) allows adjustments of U 

with respect to accumulation of deposits on the heat transfer surface. The layer of deposits 

represents additional resistance to heat transfer and causes the rate of heat transfer in a heat 

exchanger to decrease. Fouling factors are difficult to predict and are usually based on past 

experience. 

 

The shortcut method always uses a user specified or default value for the overall heat transfer 

coefficient. The rigorous designs perform calculations by interfacing with the Aspen 

Exchanger Design and Rating (EDR) programs. Thus, the rigorous method uses EDR models 

for film coefficients and combines the resistance due to films on each side of the wall with the 
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wall resistance to calculate U. The rate of the heat transfer,  ̇, in the heat exchanger depends 

on the overall heat transfer coefficient, U, as expressed in equation (13) where A is the heat 

transfer area [m
2
] and ΔTm is the mean temperature difference between the hot and cold 

fluids [K]. 

 

 ̇            (13) 

 

The mean temperature difference ΔTm can be calculated from the difference in the fluid 

temperatures at the inlet and outlet of the heat exchanger. Depending on the type of flow 

arrangement in the heat exchanger there are some differences in the calculation of ΔTm. 

There are three basic types of the flow arrangement in two-stream heat exchangers, as shown 

in Figure 7. The co-current flow is also called the parallel flow heat exchanger where both the 

hot and the cold fluids enter at the same end and move in the same direction. In case with 

counter-current flow the hot and cold fluids enter the heat exchanger at opposite ends and 

flow in opposite directions. In the cross-flow heat exchangers the two fluids usually move 

perpendicular to each other. 

 

 
Figure 7 The flow arrangements in the co-current, counter-current and cross-flow heat exchangers (HX). 

 

The mean temperature difference estimation can be expressed by relations (14), (15) and (16) 

where ΔTlm is the logarithmic mean temperature difference [K] and the subscripts h, c, i, o 

represent abbreviations for hot, cold, inlet and outlet respectively. 

 

         
       

  (      ⁄ )
    (14) 

 

Co-current flow heat exchanger: 
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                                  (15) 

 

Counter-current flow heat exchanger: 

                                  (16) 

 

Because of the complex flow conditions in the cross-flow heat exchanger it is convenient to 

relate the equivalent temperature difference to the log mean temperature difference relation 

for the counter-current flow as expressed in the equation (17) where F is the correction factor, 

which depends on the geometry of the heat exchanger and the inlet and outlet temperatures of 

the hot and cold fluid streams. 

 

                           (17) 

 

The correction factor F = 1 corresponds to counter-current flow heat exchangers, thus the 

deviations of the logarithmic mean temperature difference at counter-flow can be measured 

by the correction factor which is equal to or less than one at cross flow. The correction factor 

is F = 1 also for a condenser or boiler, regardless of the configuration of the heat exchanger. 

[19][20][23][24][25] 

 

Shortcut and rigorous methods for heat transferring units 
 

In this work the shortcut method has been used for the modeling of heat transferring units in 

the Aspen Plus® simulations. The Heater-block was used mostly for heat exchange between 

two liquid phase streams without any phase changes. However, this block model was also 

chosen for modeling of evaporator and absorber where the phase change occurred. In the 

boiling or condensing approach, the HeatX-block has been preferred where one of the streams 

contained pure water while the other stream contained the working fluid.  The HeatX model 

determines the outlet stream conditions based on heat and material balances. The advantage 

with the shortcut method is the possibility to specify some parameters such as outlet 

temperature, vapor content, heat duty, etc.  

 

The rigorous design was used for estimation of heat transfer area and rough cost for heat 

exchangers with stream conditions determined by Aspen Plus® simulations. Thus, when the 

Aspen Plus® simulation for the whole system model had been successfully converged with 

detailed description of all the streams as a result, the next step was to estimate the 

approximate price for heat exchangers for this model as the proposed design of the Aspen 

Plus® simulation in this work provided no price estimation. Thus, streams data for each heat 

exchanger at a time was transferred to the EDR model in which the heat transfer area and cost 

could be calculated. 

 

At this point it is necessary to mention the Aspen Exchanger Design and Rating (EDR) 

programs. Aspen Tech has developed a family of products to model process heat exchangers 

which includes everything from cost optimized design to rating and simulation. The Aspen 
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EDR product family accesses the world’s largest database of pure component and phase 

equilibrium data for conventional chemicals and electrolytes. The database is regularly 

updated from the U.S. National Institute of Standards and Technology (NIST), which ensures 

easy access to the best available experimental property data. Accurate transport properties and 

phase equilibrium data are essential to accurate exchanger design and simulation. [18] The 

Aspen EDR product family contains a range of products. Two of these have been used in the 

present investigation, namely Aspen Shell & Tube Exchanger and Aspen Plate Exchanger.  

 

Shell-and-tube heat exchangers 
 

One of the most common types of heat exchanger in industrial applications is the shell-and-

tube heat exchanger. It can contain up to several hundred tubes packed in the bundles 

enclosed in a cylindrical shell. The ends of the tube are fitted into tube sheets, which separate 

the shell-side and the tube-side fluids. Baffles are commonly placed in the shell to direct the 

fluid flow and support the tubes. Heat transfer occurs when one fluid flows inside the tubes 

while the other fluid flows outside the tubes through the shell. The advantages of shell-and-

tube type are many. Among them are that their configuration gives a large surface area in a 

small volume, they have a good mechanical layout and can be constructed from a wide range 

of materials, they are easily cleaned and have well established design procedure. There is a 

wide range of types of these heat exchangers. One of them is the U-bundle type shown in 

Figure 1 which is cheap and requires only one tube sheet. The limitation of this type is that it 

requires relatively clean fluids as the tubes and bundles can be difficult to clean. The heat 

exchanger's size depends on the dimensions of the shell which in turn depends on the number 

of tubes housed and how they are arranged, but also on the limitations generated by pressure 

and temperature. Tube size is determined by outside diameter (OD), wall thickness and 

length. There are several typical tube arrangements which are related to the tube pitch as 

shown in Figure 8 where the values above the figures denote the angular degree. The tube 

pitch is the center to center distance of adjoining tubes which is recommended to be 1.25 

times of tube OD. 

 

 
Figure 8 Tube layout pattern. 
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Plate heat exchangers 
 

Another widely known exchanger type is the plate and frame, or just plate, heat exchanger 

which consists of a series of plates with corrugated flat flow passage. Gasket plate devices are 

most common where a stack of closely spaced thin plates clamped together in the frame and a 

thin gasket seals the plates round their edges. There are many advantages of plate heat 

exchanger compared to shell-and-tube exchangers. The main positive difference would be the 

cost since plate material is cheaper. Furthermore, the plate heat exchanger design anables the 

addition of extra plates. Fouling tends to be significantly less in the plate heat exchangers and 

low differential temperatures can be used (as low as 1°C, compared to 5 to 10°C for shell-

and-tube exchangers). The limitations are that a plate heat exchanger is not suitable for 

pressures greater than 30 bar and the maximum operating temperature is restricted to about 

250°C, owing to the performance of the available gasket materials.  

 

Pressure changing units 
 

The purpose of pressure changing units, or blocks, is to simulate the change in state variables 

and thermodynamic functions produced by a change of pressure of the fluid. The pressure 

changing units used in the present Aspen Plus® simulations were pumps, turbines and valves. 

 

Pump 
 

The pump is a device used to increase the pressure of fluid due to work supplied from the 

external source to the rotating shaft. The pump shaft power required for pumping an 

incompressible fluid is given in equation (18) where ∆P is the pressure ratio across the pump 

[kPa], Q is the flow rate [m
3
/s] and η is the pump efficiency.  

 

      
∆  ̇

 
    (18) 

  

The pump-unit used in Aspen Plus® simulations, as seen in Figure 9, is designed to handle a 

single liquid phase where the model calculates power requirements.  
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Figure 9 Flowsheet connectivity for pump. 

 

Valve 
 

The throttling valves, or just valves, are any kind of flow restricting device that cause a 

significant pressure drop of the fluid without any work generation. Since pressure drop in the 

fluid often results in temperature decrease, the throttling devices are commonly used in 

refrigeration and air-conditioning applications. The Valve-block used in the simulations 

assumes the adiabatic flow with one material stream in the inlet and outlet sides where the 

pressure changer mode requires specification of pressure change, whereas the thermal and 

phase condition of the outlet stream are determined.  

 

Turbine 
 

Expansion turbines, or just turbines, are defined as a pressure changer device due to fluid 

pressure drop during the passage through them so that the potential energy of the fluid in the 

form of pressure is converted into mechanical energy. As the fluid flows through the turbine, 

work is done against the blades, which are attached to the shaft. The shaft rotation results in 

the produced work, which can be converted to electric power by the generator.  In industry the 

term for a turbine which excludes steam turbine and combustion gas turbine is turboexpander. 

Centrifugal turboexpanders, characterized by a radial inflow, are well suited for energy 

recovery using low-grade waste heat. The efficiency of turbines depends on many factors 

including blade profiles, fluid properties and manufacturing characteristics. Among the most 

essential parameters used for efficiency and size calculations are the shaft speed, the 

volumetric flow rate and the volumetric expansion ratio. While the shaft speed is to be 

selected by the turbine designer, the remaining parameters are set by the working fluid 

properties, the thermodynamic cycle and the power output. Turboexpanders perform at high 

efficiency and relatively short pay-back time which makes them very attractive. They can also 

handle processes involving condensing working fluids with two-phase flow in the outlet 

stream as a result. The condensation in the ordinary turbines has caused severe erosion 

complications but the design of the radial inflow turbine solves these problems. However, the 

Aspen Plus simulation package does not include any advanced modelling designs for turbines.  
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The program allows simulation of the isentropic turbine with several options for user-

specified input. The Turbine-block flowsheet connectivity is schematically presented in 

Figure 10.  

 

 
Figure 10 Flowsheet connectivity for turbine. 

 

Other blocks used in the simulations 
 

The Flash2-block was used to model the one-stage separator where two-phase flow stream 

could be split in two streams, one for vapor and one for liquid. This block performs rigorous 

vapor-liquid or vapor-liquid-liquid phase equilibrium calculations and produces one vapor 

outlet stream, one liquid outlet stream, and optional water decant stream. In order to combine 

several streams in one single stream or split one single stream in a few streams the mixer and 

the splitter blocks were used. The mixer block can be used to modeling tanks, static mixers, or 

simply the union of two pipes such as a T-shaped pipe connector, a so called mix-T. The 

block model assumes ideal, adiabatic mixing where the pressure can be specified as an 

absolute value or a drop relative to the lowest feed stream pressure. The splitter block FSplit 

was chosen to divide feed stream into two streams where the outlet flow rates were specified 

on a mass fraction basis. In some cases the purpose of the mixer and splitter blocks was to 

circumvent convergence problems due to a closed-loop system design. 

 

Design Spec, Sensitivity Analysis and Transfer  
 

There are several helpful tools available in the Aspen Plus® simulation program which allow 

users to access or manipulate flowsheet variables such as temperature, pressure, stream flow 

rate, etc.  Some of them were used in this work, namely Design Specification, Sensitivity 

Analysis and Transferring blocks.  

 

By using the Design specification feature (Design Spec) the user is able to set the value of the 

variable that the simulation program would otherwise calculate.  In the current simulations 
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Design Spec was used for varying the working fluid stream flow depending on the determined 

heat duty of the boiler. 

 

Sensitivity analysis was used to determine how the process would react to changing the key 

operating and design variables such as flow rate of cooling water to the condenser or the 

pressure ratio in the turbine. This feature allows verifying whether the solution to a design 

specification lies within the range of the manipulated variable, and also performing simple 

process optimization. For example, in order to optimize the cooling water mass flow to the 

condenser the user can specify the variation range of the mass flow, and choose the vapor 

fraction of the secondary fluid after condensing as the control variable. 

 

Transfer block function is to copy the values of flowsheet variables from one part of the 

flowsheet to another. This function was used here to enable the simulation convergence since 

the Aspen Plus® uses the sequential solver and it can be necessary to create a break in closed 

cycles to give input to a model. [5][26][27][28] 

 

Modeling and design 
 

Heat balance for the hydrogenator`s cooling system 
 

Before the modeling in the simulation program could commence the heat and mass balances 

for the heat source stream had to be determined. This has been achieved by using an Excel-

sheet where the temperature and flow rate for the cooling water stream coming from the 

hydrogenation process were calculated. To estimate the outlet temperature and flow rate of 

the cooling water stream there was a range of questions that had to be clarified such as:  

 How big is the capacity of the plant and what is the flow rate of the feed stream? 

 How much heat has to be removed from the hydrogenation process? 

 What is the available cooling surface area? 

 How can heat transfer to the cooling water stream be optimized? 

 

The capacity of the whole TDI plant dictates the flow rate of the DNT feed stream to the 

hydrogenator. The value of the heat to be removed (Qr [kW]) from the hydrogenation process 

depends on the flow rate of the DNT feed stream ṁDNT [kg/h], the reaction rate rr [mol 

NO2/s], the reaction enthalpy hr [kJ/mol NO2], the specific heat capacity for DNT cp [kJ/kg 

K], the reaction temperature Tr [°C] and feed stream temperature TDNT [°C]. The relation is 

shown in equation (19). 

 

         ̇     (       )   (19) 
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The reaction rate was calculated by application of equation (20) where ṁDNT is the flow rate 

of the DNT feed stream [kg/h], MDNT is the molecular weight of DNT [g/mol] and 2 is the 

number of nitro groups involved in the reaction. 

 

    ̇    (
 

    
)         (20) 

 

When the value for heat of reaction is identified the next step is to calculate the water stream`s 

flow rate and temperature which is needed to remove that heat. Since the cooling occurs by 

the U-shaped coils placed inside the hydrogenator, the process taking place is very similar to 

the heat transfer in the shell-and-tube heat exchanger where the DNT feed input and 

hydrogenation occurs on the shell-side, also called agitated side, and the cooling water flows 

through the tube-side. The heat duty of the heat exchanger can be estimated in accordance 

with equation (13). Assuming the whole heat of reaction transferred to the water stream, the 

energy balance for this single-stream steady-state system can be expressed by equation (21), 

where the cooling water flow rate is ṁw  [kg/s] and the enthalpy for water in the inlet and 

outlet is represented by h1 respective h2 [kJ/kg].  

 

 ̇      ̇     ̇       (21) 

 

The previous section also revealed the importance of the overall heat transfer coefficient with 

respect to heat exchanger modeling, and illustrated estimation of the mean temperature 

difference as in equation (14). The heat transfer area is defined as ungassed cooling surface 

area. It is the ungassed area which is crucial for present design since during the gassing the 

bundles are not fully wetted because of the gas content in the liquid. The calculation of the 

ungassed cooling surface was evaluated by using the relation in the equation (22) where Aung 

represents the ungassed cooling surface area [m
2
], nrb is the number of bundles, nrt/b is the 

number of tubes per bundle, nrpas stands for number of passes, l is the length of tube inclusive 

U-part [m], hgas represents the gassed high [m], Dt is the outer diameter of the tube [mm] and 

K  is the constant safety factor used to cover the typical accuracy in the heat transfer in gassed 

stirred tanks and fluctuations in material properties. 

 

             (                )           (22) 

 

As mentioned before, the overall heat transfer coefficient U, previously represented in 

equation (12), could be estimated by the individual resistances on the agitated (shell) side, the 

tube wall and on the inner wall of the tube. This study was limited in that respect that the 

resistance on the shell side, αo, remained the same. However, for optimization of the cooling 

water flow properties, the individual resistance on the inner wall of the tube has to be adjusted 

to variations in the cooling water inlet and outlet temperature and flow rate. The individual 

resistance on the tube side, represented in equation (12) as αi, is the average value of the 

resistances in the inlet and outlet of the tube (pipe). The estimation of those resistances was 

performed with help of equations (23), (24) and (25) where the subscript t represents inlet or 

outlet of the pipe, Nu is the Nusselt number, Re is the Reynolds number, Pr is the Prandtl 
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number, k is the thermal conductivity of the cooling water (WC) [W/m K], Di is the inner 

diameter [mm] of the pipe and L is its length [m], ρ is the density of WC [kg/m
3
], μ is the 

dynamic viscosity [mPa s] and w is the flow velocity [m/s] of WC.   

 

   (        )       (23) 
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    (25) 

 

For estimation of the individual resistance in the tube wall it was assumed that the thermal 

conductivity λ was constant while the wall thickness s could be varied. The simulation was 

designed in order to adjust the calculation of U to the variations in WC flow rate and 

temperature i.e. the change in the temperature and/or the flow of WC led to new calculations 

of all temperature or flow rate dependent properties. The energy balance for reaction heat 

transfer to the cooling water stream was performed as shown in equations (26) and (27) where 

Qr is the heat of reaction estimated according to equation (19), Qwc is the cooling duty of the 

cooling water stream estimated by relation between mass flow m [kg/s], the specific heat 

capacity of cooling water cp [kJ/kg K] and ∆T, which is the difference between the inlet and 

outlet temperature of water [°C]. The heat duty of the heat exchanger represented by QHX was 

calculated according to relation in equation (13). 

 

                  (26) 

 

       ∆     (27) 

 

 

Optimization of the cooling surface area 
 

In order to optimize the heat transfer to the cooling water flow, and thus achieve a higher exit 

temperature of the cooling water, the hydrogenator model with the existing internal cooling 

system represented by bundles of U-shaped coils was redesigned by using the Aspen Shell & 

Tube program. The improvement of the heat transfer was achieved by increased cooling 

surface area. However, this simulation of the hydrogenator with internal cooling system 

required a range of adequate assumptions. Since the cooling surface area improvement was in 

focus, the main attention was paid to the design of the tube side. The design assumed the 

simulation of a single bundle of the present 8 bundles, applied to the one-pass shell vertical U-

tube bundle heat exchanger.  
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Shell side 
 

It was desired to restore the thermodynamical conditions of the reactions-blend in the 

hydrogenator without involving the real chemical reactions in the simulation. Therefore, the 

simulation was performed assuming the TDA stream, which is the product stream in the 

hydrogenation process, flowing on the shell side and the cooling water stream on the tube 

side. The input for the shell side was specified by setting the TDA stream composition for the 

flow rates of toluenediamine and water based on the actual composition. The shell side stream 

outlet temperature was defined according to the temperature of the actual outlet product 

stream which was equal to the reaction temperature. The inlet temperature was assumed to be 

about five degrees Celsius higher than outlet temperature [29]. The heat of reaction was 

recalculated with regard to the single bundle which was then used to define the heat exchange 

duty for heat exchanger modeled. 

 

Tube side  
 

The main issue for the tube side was to improve the cooling surface area by an increased 

number of tubes in the bundles. To ensure high accuracy, the simulation for the cooling 

system was performed with existing design parameters.  The most essential design parameters 

were the tube outside diameter (OD) and the tube pitch. The 30-triangular tube pitch pattern 

represented in Figure 8 was applied for the current tube layout. By decreasing of the tube 

pitch and OD, the number of the tubes in the bundle could be increased. It was assumed that 

the reasonable value for the tube pitch and OD would be 30 mm and 19.05 mm respectively 

[29].  

 

Calculation of the new ungassed surface cooling area was performed by equation (18) using 

new values of the outer diameter, number of tubes per bundle and wall thickness, which were 

determined by the Excel-sheet. The inner diameter of the tubes was determined by using 

Schedule 40 tables, which can be found in Appendix B. After updating the cooling surfaces 

area and the inner diameter of the pipes in the cooling coils system of the hydrogenator, the 

Excel-sheet was used to determine temperature and mass flow of the water stream which was 

used as the waste heat carrier.  

 

Modeling approach 
 

All simulations were built and calculated using the Aspen Plus software. A new simulation 

was created for each chosen working fluid for each case of the plant capacity and 

hydrogenation temperature. In the case with the application of the Organic Rankine Cycle 

technique, all simulations were designed identically according to the connectivity scheme of 

the simulations presented in Figure 11, except one where the ammonia-water binary working 

fluid was used. 
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Figure 11 Flowesheet for Organic Rankine Cycle system. 

 

The input stream for working fluid was specified as stream 1A. To specify the boiler unit the 

outlet vapor content was entered as 1.0 for models operating with dry working fluids. In order 

to avoid condensation issues in the turbine, the degree of superheating was specified in the 

boiler unit for ORC systems working with isentropic and wet fluids. The streams labeled WC-

IN and WC-OUT are the cooling water stream coming from and going to the hydrogenation 

process. The Design Specification block was used to specify the heat duty of the boiler and 

calculate the stream flow of the working fluid. It was assumed that no pressure drop occurs in 

the operation units. The turbine unit specification was limited to varying the pressure ratio 

across the turbine.  In the condenser unit all vapor condenses to the liquid phase by using a 

water stream at 33°C as the heat sink.  In the pump unit the discharge pressure was specified.  

 

Flowsheeting of the ORC system using ammonia-water as a working fluid required some 

additional operational units since ammonia and water have a different boiling temperature 

which results in a two-phase fluid stream after the boiler unit. Thus, separation of the vapor 

and liquid phases occurs in the separation unit. The proposed design of this ORC system is 

presented in Figure 12. In this figure the condensing heat exchanger is named absorber, but 

the operations unit and unit specifications are exactly the same as for the condenser unit in the 

previous figure.  
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Figure 12 Flowsheet for the Organic Rankine Cycle system using ammonia-water as a working fluid. 

For simulation of the models the property method had to be specified. For all ORC system 

models the PENG-ROB property method was chosen. 

 

Simulations considered the fact that the Absorption Refrigeration Cycle systems have been 

designed differently depending on the choice of working fluid. 

In the case of ammonia-water mixture as working fluid the flowsheeting model was built as 

shown in Figure 13.  

 

 

 
Figure 13 Flowsheet for the absorption refrigeration cycle system with ammonia-water binary solution 

represented as the working fluid. 
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Similar to the ORC system design considering ammonia-water mixture as a working fluid, 

this model includes the boiler, the condenser, the pump and one of the separation units, the 

SEP-GENT, which is used in exactly the same way. There is also a rectifying device required 

for purifying the ammonia. This device was simulated by including a heater, REC-COND, and 

a one-stage separator, REC-SEP. Furthermore, the throttling valve, marked as VENT in the 

picture, was added in order to expand the working fluid. There were also two additional heat 

exchangers included, aimed for internal heat exchanging.  

 

Design of the ARC system, with lithium bromide and water mixture (LiBr-H2O) as working 

fluid, was performed according to the model using a single effect absorption refrigeration 

cycle in the previous work of C. Somers [5] with some minor modifications. The flow sheet 

of this model is shown in Figure 14. 

 

 
Figure 14 Flowsheet for the ARC system considering LiBr-H2O mixture as a working fluid. 
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The main advantage of this design is that the complex components such as the desorber, the 

absorber and internal heat exchangers could be modeled more easily. The property method, 

ELECNRTL, and some operating parameters, such as the outlet pressure of the throttling 

valve and lithium bromide percent concentration in the mixture, were also selected in 

accordance with the work of C. Somers [5]. 

 

 

Cost estimation 
 

After all simulations, using the Aspen Plus simulation program, had successfully converged, 

the costing could begin. This work was aimed to cover only approximated costs for the most 

expensive components, such as turbines, heat exchangers and pumps.  

 

Cost estimation of heat exchangers  
 

As described previously, the Aspen EDR family provides several useful program packages for 

rating and checking, design, optimization and costing. It was assumed that the plate heat 

exchanger design could be used for boiling and condensing heat exchangers, proposed by 

Aspen Plus simulations models, which was achieved by using the Aspen Plate program. 

Modeling was performed in the design mode requiring input of specifications for stream 

components on the cold and hot sides, stream parameters such as mass flow, temperature, 

pressure, etc. Some parameters, which were assumed to be negligible in the Aspen Plus 

simulations, have been taken into account by the Aspen Plate program since it aims to provide 

real heat exchanger designs. Among such parameters were fouling factor and pressure drop on 

each side of the heat exchanger, where it was assumed that the program`s default settings 

could be used. Design of the boiling heat exchanger was limited to one single unit for each 

case of the investigation while the number of units for the condensing heat exchanger was 

determined by the program. In the design mode the program determines the optimal solution 

with respect to requirements specified by the user. However, it was noticed that the Aspen 

Plate program in the design mode tended to overdesign the cooling surface area by estimation 

of the required area and the actual area ratio. The overdesign is a safety factor during 

development and optimization of the actual heat exchangers [29]. Since the cost of the heat 

exchanger is directly proportional to the cooling surface area, it was assumed that when 

calculating the pay-back time the overdesign could be excluded. 

 

Other estimation approach 
 

The amount of power amount produced by the turbine, which could be used for ensuing 

estimation of the pay-off time, was assumed to depend on the generator efficiency and the 

power required for the circulation and water pumps. Equations (28) and (29) gives formulas 

for estimation of the net power produced by the turbine, where Wturbine is the gross power 

generated by expansion of the working fluid over the turbine, h is the pump head [m] 
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calculated with respect to the approximate pressure drop for water stream in the condenser, ṁ 

is the mass flow rate of the water [kg/s], g is the gravitational constant [m/s
2
] and η is the 

efficiency of the water pump with assumed value of 0.85 [29].  

 

 

                    (                             ) (28) 

 

            
 ̇  

 
    (29) 

 

Normally the actual expansion devices aimed for electrical power generation are supplied 

with integrated generator. In this project it was assumed that the electrical power, El Power 

[kW], produced by the turbine could be estimated with respect to the approximate efficiency 

of the generator, ηgenerator, with value of 0.95 [30], as shown in equation (30)  

 

                                (30) 

 

The total cost of the system includes cost of the boiler and the condenser, given by the Aspen 

Plate program, and cost of the turbine calculated by using the approximate capital cost 1450 

USD per kW work produced [31]. Pay-off time t [year] was estimated using equation (31) 

where Wel is the electrical power [kWh/year] obtained by the turbine and Priceel is the 

electricity price [USD/kWh]. 

 

         
        

           
    (31) 

 

The pay-off time was calculated with respect to electricity prices that are relevant for India 

and China which is 0.08-0.12 USD per kWh [32].  
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Results 
 

The project objective was to set up and solve steady-state models in the application of waste 

heat recovery from the existing hydrogenation process developed by Chematur Engineering 

by using Organic Rankine Cycle and Absorption Refrigeration Cycle technologies. 

 

Heat transfer optimization 
 

Already at the early stage it was found that the outlet temperature of the cooling water stream 

was too low to perform any worthwhile heat recovery. An increase in the temperature 

difference of the inlet and outlet WC flow stream would lead to a decrease in the flow volume 

rate which in turn would affect the cooling duty negatively. Even decreasing of the reaction 

heat duty by reduction of the DNT feed would not lead to any significant temperature 

increase. The optimization of the heat transfer of the internal cooling system of the 

hydrogenator by using the Aspen Shell & Tube software has increased the cooling surface 

area by 137% by increasing the number of coils per bundle. Increased cooling surface area 

allows for lower temperature difference between the cooling water and the reactor 

temperature so that even relatively high inlet temperatures give a sufficient cooling capacity. 

Higher temperatures of the water flow, as waste heat carrier, will benefit the turbine`s power 

production. The calculated outlet cooling water temperature and flow values, from the 

upgrade design of the cooling system, were used as input to the heat recovery system models 

as shown in Table 2. 

 

Table 2 Data representing cooling system parameters in the hydrogenator.  

Original design Upgrade design 

Plant 

Capacity [tpy 

TDI ] 

100000 150000 100000 150000 150000 

Treaction [°C] 115 115 120 120 150 

TWC,in [°C] 50 50 85 85 90 

TWC,out [°C] 94 65 113 108 140 

PWC [bar] 6 6 6 6 6 

WC volume 

flow [m
3
/h] 

479 1982 761 1383 621 

U [W/m
2
 K] 1400

4
 1400

4
 1339 1550 1173 

Cooling 

surface 

ungassed [m
2
] 

447 447 1056 1056 1056 

Qreaction [MW] 24.4 35.6 24.2 35.5 35.2 

 

                                                           
4
 Approximate value according to internal documentation of the company [1].  
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In order to facilitate the presentation of results in each case of examination, the plant capacity 

value has been replaced by the corresponding heat of reaction i.e. for presentation of results 

considering 100000 tpy TDI plant capacity and hydrogenation at 120°C, the case has been 

labeled as  24 MW 120°C. 

 

It should be mentioned that the outlet temperatures of the water stream predicted by the Aspen 

Plus simulation program, equivalent to the stream entering the cooling coils of the 

hydrogenator, were lower than the corresponding values calculated by the Excel-sheet. The 

difference was 1.3°C at a hydrogenation temperature of 150°C, and 0.3°C for remaining 

cases. However, these deviations do not affect the results in any significant way. 

 

ORC 
 

Application of the ORC system aimed to examine the efficiency of heat recovery from the 

water stream at different temperatures and flow rates where the output of useful work 

generated by the turbine was of greatest interest.  After implementation of simulations for 

each case of examination the useful work produced by the turbine could be obtained, which 

has been defined as the gross power in Figure 15. The default efficiency of the turbine used 

by the Aspen Plus simulations program was set to 0.72 in all cases. 

 

 
Figure 15 Gross power production obtained by the turbine in the ORC system corresponding to different cases of 

waste heat amount available at different temperatures of reaction in the hydrogenator. 

The estimation of the net power produced by the turbine requires the subtraction of the 

pumping work for each model, i.e. work input for circulation pump, and work needed for 

water pumping to the condenser. The additional simulations of boiling and condensing heat 

exchangers, which was proposed for the ORC system models and used for cost estimation, 

has also calculated the required water flow rates needed for condensation of the different 
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working fluids, which was relevant for estimation of the power effects needed for water 

pumps. The net power production is presented in Figure 16 and the pumping work expressed 

as a percent of the gross power is presented in Figure 17. 

 

 
Figure 16 Net power produced by the turbine in the ORC system corresponding to different cases of waste heat 

amount available at different temperatures of reaction in the hydrogenator.  

 

 
Figure 17 Percentage relation of the gross power and the total pumping load considering the different cases for 

hydrogenation temperature and the waste heat load. 
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The design of all boiling heat exchangers simulated in the Aspen Plate program was limited to 

one single unit except in the simulation of the boiler in the ORC system with R-123 as 

working fluid. The program calculated the number of required heat exchanging units to two 

due to low pressure drop on the cold side (0.5 bar). The estimated number of the required 

condenser units in the different cases has varied with the highest value being 4 units. Cost 

estimate for heat exchangers in the ORC system models has been summarized in Figure 18, 

Figure 19 and Figure 20 where prices for the boiler are compared to prices for the condenser. 

 

 
Figure 18 Comparison of the cost estimate for Boiler and Condenser units in the proposed ORC system models 

considering waste heat supply of 24 MW and hydrogenation temperature at 120°C. 

 

 
Figure 19 Comparison of the cost estimate for Boiler and Condenser units in the proposed ORC system models 

considering waste heat supply of 35 MW and hydrogenation temperature at 120°C. 
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Figure 20 Comparison of the cost estimate for Boiler and Condenser units in the proposed ORC system models 

considering waste heat supply of 35 MW from reaction of hydrogenation at temperature 150°C. 

There is a clear indication in most of the cases that the plate heat exchangers designed as 

condensers will cost more than the corresponding boiling plate heat exchangers since the 

volumetric flow of water is much bigger compared to that of the secondary fluid.  

 

The prices for plate heat exchangers depend mainly on the effective surface area required for 

optimal heat transfer. The area in turn depends on the overall heat transfer coefficient. In 

order to illustrate this, the overall coefficient was plotted against the estimated price of the 

corresponding heat exchanger, as shown in Figure 21 and Figure 22. The corresponding data 

for the remaining cases can be found in Appendix C. 
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Figure 21 Relation of the boiler cost (including overdesign) and the overall heat transfer resistance distribution 

(Aspen Plate HX design) considering waste heat supply of 24 MW from the hydrogenator operational at 120°C. 

 
Figure 22 Relation of the condenser cost (including overdesign) and the overall heat transfer resistance 

distribution (Aspen Plate HX design) considering waste heat supply of 24 MW from the hydrogenator 

operational at 120°C. 

The dimensions of the turbine depend on many factors where the volumetric flow rate and the 

volumetric expansion ratio are of great importance. Those factors vary depending on the 

desired work output. The cost estimate considering the turboexpanders was based only on the 

approximate capital cost obtained from a literature source [31]. However, the dimensions of a 

turbine depend on many parameters, such as working fluid properties, fluid volume flow 

rates, expansion ranges, etc. In order to create an idea of how the performance of a turbine 

could vary depending on the working fluid and its volumetric characteristics, the volumetric 

flow and the volumetric expansion ratio were plotted against the net power produced as 

illustrated in Figure 23 and Figure 24. Figures for the remaining cases can be found in 

Appendix C. 
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Figure 23 Net power as a function of volumetric flow into the turbine considering the ORC system model with 

waste heat supply of 24 MW from the hydrogenator operational at 120°C. 

 

 
Figure 24 Net power as a function of volumetric expansion ratio in the turbine considering the ORC system 

model with waste heat supply of 24 MW from the hydrogenator operational at 120°C. 

It can be seen that almost the same value of net power production can be obtained with 

different volumetric flow and expansion ratio requirements depending on the selection of 

working fluid.  

It was also of interest to estimate how soon the proposed systems could be repaid. The pay-off 

time was calculated with respect to electricity prices that are relevant for India and China. The 
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pay-off time for the proposed ORC system models with different working fluids is presented 

in Figure 25.  

 
Figure 25 Pay-off time estimate for ORC system models operating with different working fluids and heat source 

loads. 

 

In order to identify which working fluids provide the highest power production while 

resulting in minimal pay-off time, the electrical power generated was plotted against pay-off 

time as shown in Figure 26. Sectioning of the diagram area demonstrates the most feasible 

working fluids in the lower right quadrant of the chart where R-123, R-245fa, butane and 

ammonia stand out from the rest of the media.  
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Figure 26 Pay-off time as a function of the electrical power produced in the ORC system models operating with 

different working fluids and different waste heat loads. 

 

ARC 
 

The absorption refrigeration cycle model proposed in this work was aimed to investigate the 

possibility of cooling power production with respect to two specific requests: cooling of the 

refrigeration carrier from -30°C to -35°C and cooling of the chilled water from 13°C to 8°C 

with specified consumption amount in both cases. The investigation has revealed that 

proposed ARC models could not fully satisfy those requirements. With the requirements for 

the refrigeration carrier, none of the investigated systems could provide such low 

temperatures. With the chilled water requirements, there was potential for the desired cooling 

with good margins. However, since the consumption of chilled water is 44 kWh per ton TDI, 

which with respect to the plant capacities requires less than 1 MW of cooling effect, only a 

fraction of the waste heat amount would be utilized. In that context, investigation of the 

absorption refrigeration systems applications was limited to determining the cooling power 

that can be produced for each individual case of supplied waste heat and comparison of 

system efficiency with different working fluids. The results are presented in Table 3. The 

table shows the waste heat amount transferred to the desorber by the cooling water stream 

coming from the hydrogenation process, the cooling effect generated in the evaporator with 

corresponding inlet and outlet temperatures, and the condensation temperatures obtained in 

the absorber.  
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It has to be mentioned that the simulations in the ARC system operating with lithium 

bromide-water solution as working fluid, have been very sensitive to changes in the operating 

conditions, such as refrigerant concentration in the mixture and operating pressure, leading to 

limited optimization. 

  

Table 3 Results of the absorption refrigeration cycle models application considering the specified waste heat 

loads at different reaction temperatures in the hydrogenator. 

 Desorber Evaporator 
  

Absorber 

Q [MW] Q [MW] Tin [°C] Tout [°C] Tout [°C] 

24 MW 120°C NH3/water 24.2 6.3 -0.5 11.6 35.0 

LiBr/water 24.2 15.6 0.2 2.4 37.4 

35 MW 120°C NH3/water 35.6 15.5 -0.2 19.9 35.0 

LiBr/water 35.6 22.3 0.2 2.2 37.4 

35 MW 150°C NH3/water 35.3 10.6 0.4 29.6 35.0 

LiBr/water 35.3 23.3 0.2 1.1 37.4 

 

 

Figure 27 illustrates the coefficient of performance (COP) obtained for the ARC system 

models, defined as the ratio of the cooling effect produced and the waste heat load. The set of 

operating conditions for the ARC system models is disclosed in Appendix C. Since the ARC 

models could not be used for internal applications and there were no other specific requests, it 

was decided that the cost estimation for the ARC model should be excluded from the scope of 

this work. 

 

 
Figure 27 COP estimate for absorption refrigeration system models corresponding to the waste heat load 

specified and selection of the working fluid. 

  

0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,70

24 MW 120°C 35 MW 120°C 35 MW 150°C

C
O

P
 

ARC 

NH3/water LiBr/water



47 
 

Discussion 
 

The input characteristics of the cooling water stream, as heat source supplier, were calculated 

by an Excel-sheet where a number of approximations were applied that may cause deviations 

in the temperature values. The most probable cause for that is the method of calculating the 

specific heat capacity and density for water at difference temperatures. While the Aspen 

Plus® simulation program predicts the density and specific heat capacity values by using 

property methods, the calculations of the temperature in the Excel program was performed 

with average values taken from the literature. However, this has not affected the results in any 

significant way. 

 

Since a majority of the TDI plants built by Chematur Engineering AB are located in India and 

China, the selection of some operating conditions were adapted to take account of this, such 

as the temperature of the available cooling water and electricity prices. If it is possible to 

access cooling water with a lower temperature than 33°C, it would probably be enough with 

the present design of the internal cooling system in the hydrogenator without significant 

losses in power production. With the operating conditions available, the water used as heat 

source requires a temperature level higher than 100°C in order to receive reasonable power 

production by the application of ORC technology. 

 

As expected, some working fluids appeared to provide better results than others. The 

investigation has revealed that the ORC system operating with R-123 gives good power 

production at a relatively short pay-off time. However, selection of R-123 as working fluid 

has to be questioned since R-123 is expected to be phased out owing to its effect on ozone 

degradation and global warming. Furthermore, several of the proposed working fluids are 

corrosive which may result in increased costs due to limitations in the manufacturing 

materials. Selection of ammonia as working fluid requires specific safety precautions due to 

its toxic effects. 

 

The high temperature of the cooling water used in the condensing heat exchangers has also 

contributed to the low efficiency of the absorption refrigeration cycle systems, particularly in 

cases with ARC models operating with ammonia-water mixture. The main problem associated 

with LiBr-water pair as a refrigerant mixture is the possibility of crystallization. Furthermore, 

since the refrigerant turns to ice at 0°C, the pair cannot be used for low temperature 

refrigeration. Other disadvantages associated with LiBr-water mixture is the issue of low 

operating pressure. The low efficiency of the ARC systems can partially be attributed to the 

high temperature of the available cooling water. Furthermore, the simulation of the ARC 

system using LiBr-H2O mixture has proven to be quite sensitive to changes of some 

parameters, such as water mass fraction in the mixture and operation pressure of the pump, 

which has jeopardized the optimization possibilities. It could depend on the nature of the 

working fluid as LiBr-water solution is characterized as extremely non-ideal due to the 

presence of charged species. Moreover, the simulation model was built according to the 

previous work [5], but there is a noticeable lack of similar case studies that include 
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performance of simulations in the Aspen Plus® software. Possible sources of error might be 

due to alternative approaches including specific selections of routes or different 

electrochemical specifications which could be essential for an accurate simulation 

performance.  

 

The cost estimation of the turboexpanders was based on the power production. But it has to be 

considered that the actual prices will depend on many things such as flow rate of the fluid, 

fluid nature, expansion range, etc. For example, the turbines operating with condensing fluids 

are more expensive due to requirements for corrosion-resistant manufacturing material. In this 

context, selection of ammonia as working fluid in the ORC system model would not be a 

good choice. On the other hand selection of ammonia resulted in a decrease of the volumetric 

flow and expansion ratio in the turbine with almost the same amount of power production as 

for several noncondensing working fluids which can lead to reduction of the turbine cost.  

Anyhow, the turbines represent the most expensive components in the examined heat 

recovery systems. The prices for turbines can be three times higher than the prices for the heat 

exchangers in the same system. In that context it was probably not essential to exclude the 

overdesign in the prices estimated for the heat exchangers. 

 

 

 

Conclusions 
 

The purpose of this master thesis was to investigate the possibilities of waste heat utilization 

by application of the Organic Rankine Cycle and Absorption Refrigeration Cycle technologies 

where the waste heat carrier was represented by hot water, coming from the internal cooling 

system in the hydrogenation process. Organic Rankine Cycle technology was used for power 

production while Absorption Refrigeration Cycle was aimed at production of cooling effect. 

Modeling and design of ORC and ARC systems was successfully performed by using the 

Aspen Plus® simulation program. The investigation has considered different waste heat loads 

depending on the plant capacity and the temperature of the hydrogenation process. 

 

Simulations approach: 

 Aspen Plus software has been a very useful tool in simulations of both heat recovery 

models and individual heat transferring units. 

 All simulation models could be used for further development and optimization except 

the model for absorption refrigeration cycle using lithium bromide and water binary 

mixture. 

 

In application to the ORC system: 

 Nine different fluids were investigated which were ammonia, isobutene, butane, 

propane, R-123, R-134a, R-227ea, R-245fa, and ammonia and water binary fluid.  



49 
 

 The highest power production was obtained by the ORC system models operating with 

the following working fluids: R-123, R-245fa, butane and ammonia. The use of these 

fluids has also been found to be beneficial with regard to pay-off time. 

 The turbines represent the largest investment but in some cases the price may have 

been overestimated since the cost of turbine manufacturing depends on many factors 

which are difficult to access. 

 

In application to the ARC system: 

 The ARC system was examined by application of two different working fluids, 

namely ammonia-water and water-lithium bromide mixtures. 

 The investigations have revealed that none of the proposed models could provide 

cooling effect at temperatures below 0°C. 

 In the case with chilled water requirements, there was a potential for achieving the 

desired cooling, but only a fraction of the waste heat amount available would be 

utilized due to the small consumption requirements in the TDI process. 
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Appendix A 
 

ASHARE Safety Standard 

The ASHARE Standard 34 safety group is an assigned classification that based on the 

occupational exposure limit, namely the Threshold Limit Value – Time Weighted Average or 

a consistent measure, the lower flammability limit and the heat of combustion. It designates 

by letters A and B, which indicate relative toxicity, followed by numbers 1, 2 or 3 that 

indicate relative flammability. [33] 
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Appendix B 
 

Dimensions of stainless steel pipe 

The manufacture of pipe in inch nominal size of 1/8 – 12 inclusive is based on a standardized 

outside diameter, denoted in Figure 28 as external diameter. The manufacture of pipe in 

nominal size of 14 and larger proceeds on the basis of an outside diameter corresponding to 

the nominal size. 

 

 
Figure 28 Schedule 40 Pipe Dimensions [34] 
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Appendix C 
 

Additional diagrams related to the Results section  

 

 
Figure 29 Relation of the boiler cost (including overdesign) and the overall heat transfer resistance distribution 

(Aspen Plate HX design) considering waste heat supply of 35 MW from the hydrogenator operational at 120°C. 

 

 
Figure 30 Relation of the condenser cost (including overdesign) and the overall heat transfer resistance 

distribution (Aspen Plate HX design) considering waste heat supply of 35 MW from the hydrogenator 

operational at 120°C. 
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Figure 31 Relation of the boiler cost (including overdesign) and the overall heat transfer resistance distribution 

(Aspen Plate HX design) considering waste heat supply of 35 MW from the hydrogenator operational at 150°C. 

 

 
Figure 32 Relation of the condenser cost (including overdesign) and the overall heat transfer resistance 

distribution (Aspen Plate HX design) considering waste heat supply of 35 MW from the hydrogenator 

operational at 150°C. 
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Figure 33 Net power as a function of volumetric flow into the turbine considering the ORC system model with 

waste heat supply of 35 MW from the hydrogenator operational at 120°C. 

 

 
Figure 34 Net power as a function of volumetric expansion ratio in the turbine considering the ORC system 

model with waste heat supply of 35 MW from the hydrogenator operational at 120°C. 
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Figure 35 Net power as a function of volumetric flow into the turbine considering the ORC system model with 

waste heat supply of 35 MW from the hydrogenator operational at 150°C. 

 

 
Figure 36 Net power as a function of volumetric expansion ratio in the turbine considering the ORC system 

model with waste heat supply of 35 MW from the hydrogenator operational at 150°C. 
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Operational conditions of working fluids 

Table 4 Stream parameters for working fluids obtained by simulations 

  ORC ARC 

  Ammonia Butane  Isobutane Ammonia-

water 

Propane R-123 R-134 R-227ea R-245fa Ammonia-

water  

LiBr-

water 

24 MW 

120°C 

Tlow [°C] 40.70 40.65 44.31 38.57 40.39 43.01 40.69 41.22 40.79 -0.51 0.18 

Thigh [°C] 109.50 102.18 110.19 110.29 111.02 111.16 111.30 111.36 110.84 107.29 108.29 

Plow [bar] 15.75 3.84 5.90 6.46 13.86 1.70 10.36 7.25 2.56 4.00 0.01 

Phigh [bar] 75.00 16.00 24.00 17.00 42.00 10.00 37.00 29.00 16.00 20.00 7.00 

total mass flow [kg/h] 81060.9 203358.0 234216.0 123578.0 239751.0 429566.0 441943.0 622060.0 375222.0 298141.0 171719.0 

total mass fraction 

refrigerant 

1.00 1.00 1.00 0.55 1.00 1.00 1.00 1.00 1.00 0.45 0.40 

35 MW 

120°C 

Tlow [°C] 48.61 39.81 44.31 38.57 43.84 46.51 46.77 41.22 43.57 -0.20 0.18 

Thigh [°C] 102.00 98.88 100.21 104.70 103.18 100.90 104.66 101.33 104.64 102.70 102.70 

Plow [bar] 19.50 3.75 5.90 6.46 15.00 1.90 12.16 7.25 2.80 4.00 0.01 

Phigh [bar] 65.00 15.00 20.00 17.00 40.00 8.00 38.00 29.00 14.00 14.00 7.00 

total mass flow [kg/h] 120841.0 299420.0 348589.0 202957.0 380771.0 658928.0 738653.0 1121810.0 568375.0 304308.0 295300.0 

total mass fraction 

refrigerant 

1.00 1.00 1.00 0.55 1.00 1.00 1.00 1.00 1.00 0.45 0.40 

35 MW 

150°C 

Tlow [°C] 42.39 46.46 40.19 39.10 37.72 41.14 42.24 34.99 39.20 0.40 0.18 

Thigh [°C] 130.93 137.31 134.15 134.73 131.02 134.73 135.33 111.36 137.15 124.73 134.73 

Plow [bar] 16.50 4.50 5.30 6.50 13.02 1.60 10.80 6.09 2.43 4.00 0.01 

Phigh [bar] 110.00 30.00 36.00 25.00 42.00 16.00 40.00 29.00 27.00 25.00 7.00 

total mass flow [kg/h] 8422.4 291048.0 353558.0 147710.0 293825.0 589856.0 565244.0 857660.0 522073.0 319359.0 160759.0 

total mass fraction 

refrigerant 

1.00 1.00 1.00 0.55 1.00 1.00 1.00 1.00 1.00 0.45 0.40 

 


