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1.0.0 Introductionn 
 
The process industry covers a broad spectrum of activities that involve the handling and treatment 
of gases, liquids and solids over a wide range of physical and processing conditions.  
 
Chemical processes use two main types of operation namely batch and continuous process which 
exhibit certain characteristics. 

 
Batch processes 
Low to medium capital investment 
Low to medium cost to rectify design errors 
Low volume high value products 
Multi-purpose production capability 
Low to medium production costs 
Limited savings from yield improvements and reduced cycle times 
Reproducible processing essential for regulation compliance 

 
Continuous processes  
Medium to high capital investment 
Medium to high cost to rectify design errors 
High volume low value products 
Dedicated production facility 
Medium to high production costs 
Significant potential for savings from increased quality and plant throughput  
Significant benefits form energy and waste minimisation.  

 
These characteristics show there are significant benefits to be gained on continuous process plant 
as compared to batch processes which are problem specific with optimum scheduling and energy 
minimisation being the priority.  
 
Process simulators are used to primarily predict plant behaviour and performance. If the model of 
the process is calibrated against actual operating conditions it can be linked, in real time, to the 
control system using an option of data exchange protocols. This on-line capability can be used for 
yield and energy optimisation and provides the opportunity to predict unmeasured variables and 
fluid physical property conditions. On-line simulators can be used for data reconciliation, 
troubleshooting, equipment condition monitoring, such as heat exchanger fouling, and soft sensor 
analysis. 
 
Hazard analysis studies frequently identify abnormal operating and equipment fault conditions 
where it is difficult to predict the consequences. Dynamic simulation provides a powerful tool for 
analysing “What if scenarios”.  
 
Batch processes are transient in nature requiring dynamic simulation whereas continuous 
processes are inherently stable making them ideal for steady state simulation which can be 
considered a special case of dynamic simulation. However dynamic simulation is used to study the 
behaviour of continuous processes, subject to feed flow and composition changes, and the control 
system performance in achieving optimum conditions. 
 
Once a process simulation has been calibrated against real plant performance it can be used to 
optimise the production process, predict unmeasured parameters, monitor equipment condition and 
as an aid to diagnose operational problems.  
 
Operating plant SCADA can be interfaced with on-line simulation engines. This paper is based on 
Chemstations integrated range of software products incorporating CHEMCAD.  
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2.0.0 Process Simulation (1)1) 

 
In a chemical process total mass, individual component mass and total energy cannot be generated 
or consumed; in other words mass and energy balances are maintained over a time period.  
 
Process simulation takes input stream flow rates, component compositions and thermodynamic 
conditions, performs a series of iterative calculations involving Streams, Unit Operations and 
Recycles, giving output stream flow rates, compositions and thermodynamic conditions.  
 
All processes are governed by the following fundamental principles. 

 
Accumulation of total mass = Flow of total mass In – Flow of total mass Out 

Accumulation of component A = A (Flow In – Flow Out) + A (Generated – Consumed) 
 

A batch process is a closed system since no mass crosses the system boundary during the time 
period covered by the balance and has an energy balance of the form: 
 

Net system energy transfer = Final system energy – Initial system energy 
 

Net system energy transfer is work done on the system by its surroundings and heat transfer 
between the surroundings.  

 
A continuous process is an open system since mass crosses the system boundaries and has an 
energy balance in the form.  

Total energy in = Total energy out 
 

Input stream total energy (kinetic, potential, internal) + Net system energy transfer = 
Output stream total energy (kinetic, potential, internal) 

 
The accumulation, generation and consumption terms have disappeared for a continuous steady 
state process yielding the special case of “Input = Output”. 
 
Processes are further governed by the constitutive relationships: 
 
Heat transfer  Q = UA∆T   Phase equilibrium  yi = Ki xi   Reaction kinetics  rA = -k CA CB   
 
The diagram summarises the principles of process simulation. It can be deduced that if a simulation 
has been validated against process data that the simulation can be used to monitor process 
performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A simulation requires certain defined input variables and chemical/physical property parameters. 
The process stream condition is determined by the intensive variables Pressure, Temperature, 
Enthalpy and Vapour Fraction with the condition being defined by any two of the four variables, a 
degree of freedom of two.  
 
Simulation software is supported by extensive component physical property databases and 
thermodynamic options which provide the capability to realistically model a wide range of process 
materials and conditions. Selection of the correct thermodynamic models for enthalpy and 
equilibrium are critical and must be validated against known data. Incorrect thermodynamic model 
selection renders the simulation meaningless.  
  

Products 
Process Model 

Feeds 

Waste 

Energy 

Energy 
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A simulator engine consists of stand-alone equation based models, which can be user specified, to 
graphically represent specific unit operations which can be connected to each other in an open 
format manner using streams to create the simulation flowsheet. The simulation module structure is 
as shown: 
 

 
 
A dynamic simulation is performed by initialising and re-initialising a sequence of calculation steps 
until the convergence parameters are satisfied. The convergence procedure compares the selected 
parameter values of the current step with the previous step until the specified tolerance is achieved.  
 
A dynamic simulation can be considered to be a series of steady state simulations which is a 
feature taken advantage of in on-line simulation such that steady state simulators can be used for 
pseudo dynamic simulation. 
 
A simulation process flow diagram is developed in which all inlet, recycle and outlet stream 
connections and unit operations are shown. 
 

 
 
The simulator is provided with tools to rate or size piping, control valves, pumps, vessels, tray or 
packed columns, heat exchangers and relief devices. An Excel interface allows manufacturers’ and 
heuristic data to be imported to enable a real representation of the process equipment. 
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The mass and energy balance are considered for a simple distillation column to demonstrate the 
simulation dependency on the process dynamic laws.  
 
At steady state the overall material balance for each component requires that only one product 
stream can be set independently making the other product stream a dependent variable. If distillate 
flow is manipulated directly or by varying reflux ratio, the bottom outlet flow must be set to maintain 
the material balance by keeping reboiler liquid level constant. 
 

 
 
The material balance, based on the more volatile component (MVC), yields: 
 

 

 

 
This shows that the flow ratio D/F determines the relative composition of each product, such that if 
feed composition z changes then D/F must be manipulated to maintain constant x and y.  
 
Note how the mass balance equations impose restraints on the inter-dependency of feed and 
product stream flow rates and compositions. This feature is used to develop control strategies such 
as feedforward control. 
 
For the distillation column a simplified overall energy balance, where subscript H refers to stream 
enthalpy, yields: 
 

 
The process design objective is always to minimize the use of energy consistent with achieving the 
desired product quantity and quality. In this case reflux ratio must be kept to a minimum, subject to 
satisfying the requirements for the desired separation specification.  sat
 
 
 

lossesBDQFQ HHcHr
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3.0.0 On-line Simulation 
 
Process plants typically operate using distributed control systems (DCS) or PC based supervisory 
control and data acquisition (SCADA) provided with reliable monitoring tools and appropriate 
operational and safety integrity. 
 
Dynamic and steady state process simulation software, with open interface capability, can now be 
linked on-line with operating process plant using interfaces based on dynamic data exchange 
(DDE) capability of Microsoft® Excel or OLE for Process Control (OPC). On-line process data can 
be downloaded from the control system and data transfer in real time with the simulator is 
performed. The basic system structure is as shown: 
 

 
 
The potential for improving plant performance using this technique are limitless depending on the 
users’ ingenuity. Data can be manipulated to calculate process target conditions, equipment 
operational abnormalities and predict process parameters that cannot be measured. 
 
Data arrays, in Excel, can be used to predict the performance of specialised process equipment 
using manufacturers’ third party software. Heat exchangers with plate/plate, plate/shell and graphite 
cubic constructions can be modelled by setting up an unfouled overall heat transfer coefficient data 
array based on fluid temperature and process. A control cell set up using Indirect/Address/Match 
functions to predict the overall heat transfer coefficient from the current operating conditions. 
 
The dynamic process model is calibrated with optimal operating data and the parameters are 
adjusted until agreement is achieved. For any on-line optimisation application to be a success the 
simulation must be calibrated to represent the real process as closely as possible and be 
operationally robust.  
 
The off-line mode can be used for design validation and optimisation. The designer can study 
equipment performance under anticipated process fluid physical conditions. Equipment design 
parameters can be modified as a function of the measured and calculated process variables in real 
time to optimise equipment sizing and scale up. Control system configurations and strategies can 
be tested for suitability and tuning parameters optimised. 
 
Process optimisation with on-line simulators is now recognised as an essential management tool to 
achieve optimal asset utilisation and performance. This technique has been applied successfully to 
continuous process plant using steady state simulators in a pseudo dynamic mode where process 
data is sampled on a timed interval basis and compared with the steady state simulation results.  
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A typical application of this technique was a project carried out using the Teesside University 
Distillation facility. The process was based on separating a methanol and water mixture. 
 

 
 
The diagram shows the data flow between plant facility, control system, interface modules and PC. 
The display shows plant and simulation data in real time plus values calculated or unmeasured 
parameters mined from the simulation. The plot shows the results of the column being operated at a 
constant distillate flow. 
 

 
 
The project demonstrated that the column was being operated with a large heat loss to ambient 
resulting in an excessive reflux. The simulation allowed the distillation column composition and 
temperature profile, distillate composition heat input and boil up rates to be predicted. 
 
The project provided a better understanding of the column operation and provided information for 
the facility upgrade. 
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Once a process simulation has been calibrated the potential for improving plant performance and 
operational efficiency are significant as it provides a powerful management tool to assist in 
identifying process and equipment problems at an earlier stage than might otherwise have been 
practicable. The following key areas can benefit from this approach: 
 
Operations 
 
Improved operator understanding reduces costly errors 
Identify, troubleshoot and correct problems more readily 
Trending of measured and calculated process parameters 
Optimise process cycle times 
Predict plant shutdowns for catalyst change and equipment cleaning 
Optimise process yields 
Study sensitivity of yields to process parameter changes 
Study sensitivity of energy consumption to process parameter changes 
Test different control strategies and tuning parameters 
 
Measurement 
 
Data reconciliation and process fault diagnosis 
Predict process parameters that cannot be measured on-line 
Predict temperature and composition profiles in columns 
Predict composition profiles in reactors 
Estimation of physical properties in real time 
Environmental auditing and reporting 
 
Maintenance 
 
Equipment fault diagnosis 
Predict hydraulic conditions in columns to identify internals failures  
Identify deterioration in equipment performance 
Predict heat transfer surfaces fouling 
Troubleshooting and instrumentation fault diagnosis 
 
Economic 
Stream properties can be used for detailed heat and energy balance studies 
Equipment efficiencies can be calculated on-line and compared with the theoretical efficiencies  
Total plant energy consumption can be calculated on-line and compared with the theoretical energy 
consumption to reduce manufacturing costs and save energy  
 
Management 
 
Improve economic performance in optimisation of asset utilisation 
Study impact of plant turndown scenarios 
 
Training 
 
The off-line mode can also be used as a training simulator providing operators with the opportunity 
to study the behaviour of a virtual process plant using the displays used on the real process plant. 
Start up or shut down sequences, upset or emergency conditions and new control strategies are 
typical scenarios. Correct application of training simulators can lead to accelerated start-up of new 
or modified plants, more reliable operation and faster recovery from process disturbances. 
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4.0.0 Hazard Analysis (2, 3)3) 

 
Hazard and Risk assessment in the Process Industry is based on established techniques. Risk 
assessment analyses the risk either qualitatively, rating risk from low to high, or quantitatively by 
assigning numerical factors based on field data or published databases.  
 
Risk assessment has to demonstrate that the measures for prevention and mitigation result in a 
level of risk that is As Low as Reasonably Practical (ALARP).  
 
A Hazard Identification (HAZID) study provides a methodology to identify specific hazards.  
 
A Hazard and Operability (HAZOP) study identifies qualitatively specific hazards associated with 
the process plant and its operation, providing a basis for challenging the design and assessing the 
risks. 
 
Layer of Protection Analysis (LOPA) is a semi-quantitative method applied to prevent or mitigate the 
risk by applying Independent Protection Layers (IPLs). LOPA is used to reduce the risks to ALARP.  
 
Hazard and Operability HAZOP 
   
The HAZOP technique allocates numbers to specific points, called nodes, on pipework or groups of 
equipment on the Process and Instrumentation Diagram (P&ID). Primary and Secondary key words 
are selected for the study, being determined by the process and equipment under consideration. 
 
The procedure provides a systematic application of all relevant keyword combinations. Operating 
Deviations are considered, at a node or between nodes with the Cause and Consequences noted. 
After the Safeguards (Mitigations) are taken into account the Actions required are identified.  
 
Incorrectly applied, the procedure can become very repetitive, which must be avoided. If the 
meeting is not controlled it will degenerate into a design/problem solving meeting. 
 
The procedure is fully documented on spreadsheets or custom designed software. 
 
 

Primary Key Words 
Flow Pressure Temperature Level Component 
Relief Instrument Sampling Corrosion Utility failure 
Maintenance Static Quantity   

Secondary Key Words 
Less More Reverse Other Wrong address 

 
  

HAZOP Procedure 
Deviation Keyword Combination applied Flow / No 
Cause Potential Cause of Deviation occurring Blockage 
Consequence From effect of deviation and/or cause Cavitation 
Safeguard Protective devices preventing cause Low Flow Alarm 
Action Remove Cause or eliminate Consequence Remove strainer 

 
  

72228 P&I DOCUMENT.indd   1072228 P&I DOCUMENT.indd   10 28/11/2013   08:4428/11/2013   08:44



 11  

Consequence Analysis – Dynamic Simulation 
 
The hazard analysis and risk assessment techniques discussed are subjected to detailed studies by 
teams of specialists with the appropriate experience. These processes result in a series of actions 
to evaluate and mitigate the risk identified. In the initial design phase and even on existing plant it 
can be difficult to predict the outcomes from some “What If” the scenarios presented. 
 
Dynamic simulation of a process plant based on the proposed or existing mass and energy 
balances and incorporating actual equipment sizing specifications allows the consequences of 
process deviations and equipment failure to be predicted with some confidence.  
 
The dynamic simulation is controlled by an action matrix in Excel which can drive process 
abnormalities and deviations and force equipment failure conditions such as control valve or pump 
maloperation. The ability to stress test combinations of equipment and control system failures 
provides the opportunity to analyse outcomes which may not have been identified in risk 
assessment studies. 
 
CHEMCAD simulations can be linked to Excel using the Tools → DataMap facility. Conditions such 
as stream and unit operation properties or equipment operating status are scheduled in the table at 
the desired time in the simulation.  
 
The ability to change model parameters during the simulation run time provides a powerful feature 
for the study of dynamic process responses to process upsets. Specific benefits resulting from this 
capability are summarised below: 
 
Study effect of feed and recycle composition changes. 
Study effect of process parameter change such as agitator speed and circulation rates. 
Study effect of control loop tuning parameter changes. 
Investigate utility stream restrictions on production throughputs. 
 
In the Excel spreadsheet below the current dynamic run time is set in cell A2. The VLOOKUP 
function transfers data matching the current run time from the action matrix to Row 2 which is linked 
to the simulation. The formula for cell B2 “VLOOKUP(A2,A8:I135,2,TRUE)” transfers the value in 
column B from the row in the schedule that matches the current simulation step time in cell A2. 
 

 
 
This technique is used to test the failure consequences for the operating scenarios under 
consideration. 
 
This action matrix is used in the Hot Water Heating System Case. 
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 Wash Water Heating System 
 
A wash water heating system uses a heat recovery heat exchanger installed in a boiler flue gas 
stream. The maximum flue temperature predicted is 221°C and the wash water maximum allowable 
temperature is 70°C based on storage tank design conditions. A primary loop recirculates 
pressurised water round the heat recovery heat exchanger and in a secondary loop wash water is 
recirculated round the storage tank. The system operates two valves in split range to direct the 
pressurised water flow to two heat exchangers. The hot water heat exchanger takes the required 
flow to control the wash water temperature and the boiler feed heat exchanger taking the balance.  
 

 
 
The simulation results from the action matrix stress testing of the system are shown in the plots 
following. 
 
It can be seen that despite large and rapid changes in the primary loop temperature, due to 
changes in flue gas conditions, the secondary loop temperature deviations are more than 
acceptable under normal operating conditions. 
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The action matrix has been adapted to simulate the hot water heat exchanger control valve failing 
open for six hours with a tank recirculation rate of 40000 kg/h. It can be seen that the storage tank 
temperature lag is not that large due to the large recirculation rate and the tank level being 
controlled at 5 metre (70 m3).  
 

 
 

 
 
The valve failure occurred at the same time as the plant was drawing the maximum flow of wash 
water resulting in the maximum input of cold town’s water to maintain level. The simulation can now 
be used to test the conditions for increasing tank temperature lag time by increasing the operating 
level and giving consideration to a reduction in the recirculation rate. 
 
This scenario demonstrates the requirement for an independent safety shut off valve in the event of 
a high temperature condition in the wash water recirculation loop. 
 
  

Valve 
Failed Open 
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Distillation Column Relief Loads (4) 

 
A common concern in distillation operations is the potential for additional heat input to the column 
as a result of tube failure in reboilers and condensers. Pipe networks are simulated using Pressure 
Nodes to set up and control the process conditions.  
 
The simulation flowsheet for a steam reboiler is shown. The steam flow to the reboiler is determined 
by the control valve sizing and pressure drop which can be restricted to an acceptable value by the 
use of a restriction orifice. The restriction orifice is sized in the simulator. 
 

 
 
The simulation flowsheet for a reboiler using heat transfer oil is shown. This situation is more 
complex due to reboiler recirculation which is controlled by adjusting the restriction orifice Kr factor 
in the recirculation pipe return to the pump suction.  
 

 
 
Distillation column relief sizing is conventionally based on developing a steady state mass and 
energy balance under relief conditions, for the scenario under consideration to determine the 
excess heat which is then divided by the latent heat of vaporisation of the top tray liquid to give the 
relief load. This method assumes the feed, product and reflux stream flows and compositions 
remain unchanged and that the top tray enthalpy is unchanged with enough liquid to generate the 
vapour.  
 
The maximum heat input to a column occurs when the reboiler is on maximum duty coincident with 
the loss of internal reflux arising from loss of feed or reflux. Coincident loss of feed and reflux could 
occur in the event of a local power failure which may or may not result in the reboiler heat input 
being stopped. Loss of reflux could occur as a result of overhead system blockage, say due to 
reflux drum level control failure or coolant failure. 
 
Dynamic simulation can be used to assess relief conditions more rigorously by taking into account 
the transient behaviour of the upset conditions. The quoted reference demonstrated that relief 
device sizing, with appropriate precautions, may be reduced over that determined by the more 
conventional approach. 
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The simulation process flow diagram is shown for a column processing an ethanol water system. 

Ramps are used, in place of the action matrix, to adjust feed conditions, column pressure, 
reflux drum pressure and condenser fouling.  
 
The distillate composition is controlled by setting the distillate flow using feedforward control using 
the relationship developed in the Process Simulation section shown below: 
 

 
 
The steam flow to the reboiler is set in direct ratio to the feed flow. The column mass balance is 
maintained by column bottoms being on level control. The reflux drum level is controlled and sets 
the reflux flow. The mass balance is being maintained at the column bottom only allowing for control 
of distillate flow as shown. If the distillate flow was controlled on reflux drum level a highly 
interactive control system would have been created.  
 
Column operating pressure is 1.5 bar and the relief device is set to lift at 4 bar pressure. 
 

 
  
The plot below shows the normal operation of the feedforward control system operation from a 
start- up condition. 
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The plots show the effect of rising pressure on the column overhead conditions. The reboiler is 
operating with a constant area and heat transfer coefficient and the increasing pressure results in a 
reduction in the temperature driving force resulting in the overhead and condensor flows reducing. 
The maximum relief flow achieved is 5500 kg/h and note that a reduced reflux flow is maintained for 
a while during the relief condition.  
 

 
 
The plot shows the reboiler heat duty and LMTD conditions as the column pressure increases. 

 

 
 
Conventionally relief sizing methods determine the excess heat which is then divided by the latent 
heat of vaporisation of the top tray liquid to give the relief load.  
 
At relief conditions the simulation predicts a latent heat of 125 kcal / kg with a flow in the region of 
6000 kg/h. The overhead latent heat at operating conditions was 89.9 kcal / kg.  
 
The maximum heat duty in normal operation was 3.9E06 kcal/h which reduced to 2.5E06 kcal/h at 
relief conditions. The predicted relief flow at 3.9E06 kcal/h was 35141 kg/h (6R8 relief valve) and at 
2.5E06 was 24269 kg/h (6Q8 relief valve) using a latent heat of 125 kcal / kg. 
 
Dynamic simulation allows for a detailed analysis of the different operating conditions that can take 
place in the onset and during relief. This example shows that a relief valve sized using conventional 
methods will be larger than that determined by applying dynamic analysis.  
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