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Abstract 
In this paper optimal separation sequence selection problem under uncertainty of feed 
compositions is solved by the combination of Analytic Hierarchy Process, genetic 
algorithm and stochastic simulation. The criteria used for multicriteria process 
evaluation are cost, environmental aspects, safety and occupational health.  
 
Keywords: Multicriteria decision making, Analytic Hierarchy Process, genetic 
algorithm, stochastic simulation, separation sequence synthesis 

1. INTRODUCTION 
Major decisions affecting the entire process lifecycle are done during early stages of 
process design. The criteria used are not any more only economy but health, safety and 
environmental (HSE) aspects are also taken into consideration. These criteria cannot be 
measured with same metrics and combined directly into the same objective function 
therefore a multicriteria analysis is required.  
There are many methods on multicriteria decision making available, even not many 
methods are practical. The Analytic Hierarchy Process (AHP) is a systematic approach 
for structuring decision problems hierarchically (Saaty, 1990). The AHP method deals 
with selections between process alternatives, which have to be generated by the user.  
In this paper the combination of the Analytic Hierarchy Process with genetic algorithms 
(GA) and stochastic simulation is presented. The method allows uncertainty aspects of 
design variables to be considered in multicriteria design of separation sequences. The 
work extends the earlier study (Cziner and Hurme, 2003), where AHP and GA were 
combined for process synthesis, which was based on the criteria weightings derived 
from the strategy and values of the company.  

2. STOCHASTIC SIMULATION COMBINED WITH GA AND AHP 
The method presented consists of five levels: 
 
1. AHP deriving of criteria weightings for the fitness (objective) function 
2. Stochastic variation of selected input variables to describe design uncertainty 
3. Genetic optimization of sequences 
4. Distillation calculation 
5. Evaluation of process alternatives by using the AHP derived weightings 
 
The Analytic Hierarchy Process is a weighted scoring method, typically used for 
structuring the decisions hierarchically. It is used for deriving the weights for the 
multicriteria objective function (fitness), which is used for the evaluation of alternative 
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process alternatives. The decision criteria are assigned weights according to their 
relative importance to the decision maker. 
A genetic algorithm provides a fast method to search for optimal solution to discrete 
problems such as the process synthesis problem. Selection of optimization methods is 
discussed by Cziner et al. (2005). In real plant operation the variables such as feed 
concentrations are frequently not constant but they vary with time. Uncertainty is taken 
into account by stochastic simulation of the design variables such as feed 
concentrations. Stochastic simulation utilizes random numbers for creating probability 
distributions for the selected input variables. 

3. CRITERIA SELECTION 
Because many companies are nowadays committed to sustainability, more indicators are 
needed for the evaluations. There are three groups of criteria, that should be taken into 
consideration in engineering decision making; 1) economic, 2) technical and 3) 
sustainability (EHS) aspects. These groups can be further divided into subcriteria 
(Tuomaala et al., 2001). This criteria set is claimed to be complete for all engineering 
decision making situations.  
The criteria are measured with indicators. The selection of indicators depends on the 
design stage, when the evaluation is made. 

4. CASE STUDY 
Distillation is the major separation method is chemical in petrochemical industry. 
Therefore a process synthesis problem on separating hydrocarbons was selected. The 
separation methods are ordinary distillation (method 1) and extractive distillation with 
two different solvents acetonitrile (ACN) (method 2) and N-methyl-2-pyrrolidone 
(NMP) (method 3) shown in Table 1. 
In the case study the feed concentration variation effects on the optimal separation 
sequence are analyzed. The feed stream concentration of 1-butene is varied between 10 
and 20 mol% and 2-butenes between 23 and 35 mol%. The concentration of propane 
and pentane are constant and the concentration of n- butane is the rest. The stochastic 
simulation is done so that the model combined with optimization algorithm is run 
hundreds of times with stochastically distributed values. 
Table 1. Base case feed compositions, their variation, adjacent relative volatilities and modified 
volatilities 

 
For the genetic algorithm the structure of the process is presented as a string of integer 
pairs. The first integer represents the separation type. The second represents the light 
key component number in the separation. In the case study there are components 

 Feed concentration, mol% Original volatilities Modified volatilities 

Component Base case Variation α 1 α 2 α 3 α1 α 2 α 3 

1  Propane 1.47 1.47       

2  n- butane 50.29 the rest 2.57 3.82 6.22 2.57 2.05 2.10 

3  1-butene 14.75 10 - 20 0.89 1.47 1.43 0.89 1.22 1.19 

4  2-butenes 27.58 23 - 35 1.22 1.19 1.35 1.22 1.09 1.18 

5  n-pentane 5.90 5.90 2.17 1.85 2.60 2.17 1.45 1.80 
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1,2,3,4,5 (see Table 1) and separation methods 1,2,3 (normal distillation and extractive 
distillations with ACN and NMP, respectively). If the column uses ordinary distillation 
(method 1) to separate components 1,2,3 and 4,5, the code is 13, because the light key 
in separation is  component 3). The whole sequence is represented by a string such as 
[13 32 11 14] representing the four separation steps. 
 
4.1. Economical Evaluation 
The economic aspects have been taken into account by calculating the sum of the vapor 
flows in the columns and estimating the cost of the solvent. Column vapor flow can be 
used for approximating both capital and operating costs (Porter and Momoh, 1991). 
Since extractive distillation is known to be more expensive operation than ordinary 
distillation, their relative volatilities have been scaled by method of Souders (1964) to 
present the true economic feasibility (see Table 1).  
 
4.2. Safety Considerations 
Safety can be divided into inherent and add-on safety. Only inherent safety can be 
considered in conceptual design. Heikkilä et al. (1996) have discussed the indicators for 
inherent safety. In this process synthesis case the main safety variable is the inventory 
of flammable chemicals. The process alternative that handles less material (i.e. has 
lower inventory of chemicals) is inherently safer. The inventory is proportional to the 
volume, whereas the vapor flow is proportional to cross sectional area of the column. 
Therefore the inventory was approximated with V1.5, where V is the column vapor flow 
rate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Criteria hierarchy for the separation sequencing case. 
 
4.3. Environmental Aspects 
Environmental aspects can usually be measured by waste amounts. In this case, 
however, there are no continuous waste streams present, only fugitive emissions and 
waste water due to rain fall and maintenance. Therefore the properties of chemicals 
have been used as indicators. Environmental lethal concentration (LC50) values for 
Fathead minnow were used for ecotoxicology in water environment. For VOC 
emissions the global warming potential (GWP) was used as an indicator.  
 

 

 

SEQUENCE 
SELECTION

COST SAFETY ENVIRONMENT HEALTH 

VAPOR FLOW SOLVENT LC50 GW OEL NFPA HE 

ALT 1 ALT 2 ALT N 

INVENTORY
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Table 2. Environmental and occupational health hazards data  
  Ecotoxicity Occupational Health Hazards 

Solvent LC50 OEL(mg/m3) HE NFPAmodif. 

Hydrocarbons 6-74 1800 7 2 

N-methyl-2-pyrrolidone 1072 400 5 2 

Acetonitrile 1640 68 3 1 

 
4.4. Occupational Health Aspects 
The inherent occupational health hazards can be evaluated from the properties of 
chemicals present in the process. The main toxicity difference between the process 
alternatives is due to the extractive solvents NMP and ACN, because the hydrocarbons 
are present in all process concepts anyway. For health aspects three indicators were used 
based on the work of Hassim and Edwards (2006); 1) The Occupational Exposure Limit 
(OEL) acts as an indicator for chronic toxicity effects by indicating the level of 
concentration that may not be exceeded. The lower the OEL value, the more hazardous 
the chemical is. 2) The Occupational Health and Safety Association (OSHA) Health 
Effect (HE) values represent the ability to cause typical occupational diseases. 3) 
National Fire Protection Agency values for health hazard (NFPA) represent the acute 
toxicity potential. To ensure that the indicator scales are consistent, i.e a low value 
indicates more severe situations, NFPA values were modified as presented in Table 2; 
NFPAmodif = 4 - NFPA.  

5. SEPARATION SEQUENCING RESULTS 
The objective functions used were: to minimize vapour flow and inventory, use the 
process which is the best in LC50, GWP, OEL, NFPA and HE criteria, in addition apply 
the cheapest solvent type which is possible. The optimal sequence depends both on the 
weighting of criteria and the stochastic variation of the feed concentrations. 

Figure 2. Distribution of optimum sequences as function of cost weighting the relative 
solvent costs with base case feed concentrations.  
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Figure 2 presents, how the selection of optimum separation sequence depends on the 
weightings of the criteria. [Cost90, ACN] means: high weighting on cost; ACN is 
cheaper than NMP. Cost has either high (90) or low (10) weighting compared to the 
environmental and health criteria. Also relative solvent price affects. It can be seen that 
the ACN based separations are favored only when the weighting of cost is high and the 
ACN is cheaper than NMP. (The case on left in Fig.2). This is because ACN has more 
HSE related problems than NMP. In every case there are at least two optimal sequences 
depending on the feed concentrations. 
The effect of feed concentration variation on the optimum separation sequence is 
presented in Figure 3 for case [Cost 90, NMP], in which cost has high weighting and 
NMP is cheaper than ACN. In this case the selection between sequences [32 11 14 13] 
and  [32 11 13 14] depends on the concentration of 1-butene in feed. Concentrations 
below 15% lead mainly to the first sequence as seen in Figure 3. The optimal areas 
however overlap, meaning there are also other affecting variables.  
 

0
10
20
30
40
50
60
70
80
90

100

10 11 12 13 14 15 16 17 18 19 20

1-butene feed concentration [mol %]

O
cc

ur
en

ce

[32 11 14 13] [32 11 13 14]

Figure 3. The effect of 1-butene feed concentration on distribution of optimal sequences 
for the case [Cost90, NMP] i.e. high weighting on cost; NMP cheaper than ACN. Solid 
line represents sequence [32 11 14 13] slashed line [32 11 13 14]. 

6. CONCLUSIONS 
Since conceptual process design is the most critical stages throughout the whole process 
life cycle, it should be guided by company’s policy. The priorities for process synthesis 
can be derived by using AHP and implemented as criteria weightings in separation 
sequence optimization.  
The design conditions, such as feed concentrations, are rarely constants but they vary. 
Therefore also the effect of variation should be considered in separation process 
synthesis. This can be accomplished by the method presented, which combines genetic 
algorithm with stochastic simulation.  
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