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Abstract


Safety assessment can be implemented using different tools during process design stage. As part of this assessment, the implementation ability and the flexibility of the tools are of great concern. In this paper, a new user-friendly approach using Petri nets as modelling and implementation tool has been presented. Inherent safety methodology is used to assess the safety level of different process options and I2SI indexing system is employed to quantify safety factors. The applicability of this tool is demonstrated through revisiting an aclyric acid production case study taken from literature.
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1. Introduction 
Due to the importance of safety in process industries various safety and risk assessment methods have been developed to provide the opportunity of considering safety issues in early design stages. Meanwhile several studies have been undertaken to create appropriate implementation tools for developed assessment methodologies (Palaniappan et al., 2002a, Khan and Amyotte, 2004 and 2005). In this paper, inherent safety method and Petri nets modelling have been selected as the safety assessment and implementation tool, respectively.

Section 2 briefly describes inherent safety methodology and adapted indexing tool and proposed modifications. Section 3 gives some information about Pteri nets and the related modelling approach undertaken in this research. In section 4 the proposed method is illustrated using a case study. Some discussions are given in section 5 and finally the paper concludes with reviewing the advantages of the proposed method. 
2. Inherent safety method

Inherently safer design, as one of the assessment techniques used in early design stage, aims at making processes inherently safer by using key principles such as elimination, minimization, substitution, moderation, and simplification (Kletz, 1985, Hendershot and Berger, 2006). Inherent safety methodology applies these principles to a basic process in order to eliminate or reduce the hazards. Using less hazardous materials, minimizing the inventory of hazardous material and changing the form and/or condition of using hazardous materials are some examples of application of these guidewords (Hendershot, 1997, Khan and Amyotte, 2005).

From the financial point of view, considering inherently safer options in process deign will reduce the process lifetime costs. Although conventional systems may have less fixed and operational costs, inherently safer options turn to be the cost-optimal ones given their lower maintenance and safety measure costs.

In application of inherent safety concepts, I2SI indexing system is used for quantification of process units and equipment response.
2.1. Indexing system
The I2SI indexing system for inherent safety evaluation as developed by Khan and Amyotte (2005) has been adapted in this study. 

Their final inherent safety index (I2SI) shows the potential applicability of the inherent safety keywords to the process. The index value greater than unity means positive response to inherent safety principles. The larger index indicates better response. A less than unity I2SI indicates that the equipment does not respond to inherent safety guidelines which is a weakness of the process route containing that equipment. 

In financial analysis two final indices are available: Conventional Safety Cost Index (CSCI) which is the ratio of conventional safety measures of the system over the probable loss cost, and Inherent Safety Cost Index (ISCI) which is the relative amount of the cost of inherent safety measures added to the system to the loss cost (Khan and Amyotte, 2004). Smaller ISCI in comparison to CSCI shows enviable impact of safety features on safety costs. In other words the smaller the ISCI/CSCI fraction the better the response.
In this study the total number of non-responding equipment in each route is considered as the first comparison factor named Penalty. It is also proposed that I2SI to be divided by ISCI/CSCI ratio to obtain a unique index called Safety-Cost Ratio which represents a combination of safety and cost factors for each piece of equipment (Equation 1).  Since a large I2SI and a small ISCI/CSCI ratio is always desirable, larger values of Safety-Cost Ratio will indicate better response to inherent safety principles. In addition the Total Safety-Cost Ratio of each route is calculated as the sum of the individual Safety-Cost Ratios of all the equipment existing in that route (Equation 2). These calculations provide decision-makers with a unique index for each route as a judgment base instead of simple assessment of different factors of different equipment in Khan and Amyotte (2005). These modifications will dramatically reduce human intervention into decision-making process.
Safety-Cost Ratio = I2SI / ( ISCI / CSCI )
(1)
Total Safety-Cost Ratio = 
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n is the total number of equipment   

Finally, to make decision about the best route, the Penalty factor would be considered in the first step. The route with the smallest Penalty factor is considered as the safest route. At the second level, among the routes with the same and smallest Penalty factors, the best one is the route with the largest Safety-Cost Ratio.
3. Petri net model
The implementation tool has to offer a comparative base to evaluate different process routes and to choose the best possible option. Different factors will come into account to define the efficiency of the tools. Flexibility, complexity and the number of routes that can be evaluated at certain time can be noted as some of these factors.   

Petri net modelling tool can be considered as a suitable implementation tool for risk assessment due to its flexibility and process simulation ability (Vernez et al., 2004). In addition, different feasible process options can be modelled in a Petri net as a super model, and assessed from safety point of view. A Petri net is a directed bipartite graph including places (drawn as circles) and transitions (drawn as bars). Places contain tokens which are shown as dots. The set of arcs are divided into input and output arcs with an arrowhead on their destinations. A transition is called enabled if all input places have at least the same number of tokens as all its output places. An enabled transition fires by removing tokens from input places to output places. Places, transitions and arcs all can be weighted. Weight is an additional feature that can carry critical attribute of related node through the nets (Gu and Bahri, 2002) 

In this paper, the first step has been to adapt a type of Petri net to model the process route(s). Initially, the basic route of producing a desired product is chosen. All possible combinations of process units to optimize the production yield and operating conditions of the basic route are considered as new routes. All the possible routes are then put together to create the supernet model of the system. This supernet is divided into various subnets based on the similarities and differences between production alternatives. Similar processing units of different routes build up subnets which are shared between some routes while unlike processing parts may create subnets which are used in one route only. Petri net model is able to automatically create different combinations of these subnets to define all possible process routes.

The type of Petri net model used in this research is Place Weighted Petri net. Places represent equipment, transitions show starting and finishing of operations and tokens are raw material, semi-finished and finished products. The weights on places indicate Safety-Cost Ratios for equipment.
4. Case study 
The selected acrylic acid production process involves catalytic oxidation of propylene in the vapour phase at 190°C and 3 atm pressure. Two side reactions of this one-step process result in production of carbon dioxide and acetic acid with water (Khan and Amyotte, 2005). 

Three main options from different possible combinations of process units have been previously studied (Khan and Amyotte, 2005, Palaniappan et al., 2002b). The first option is the base case with no additional inherent safety features. The second and third options are revised versions of the first one. Modifications can include some or all of the following: a quench tower to reduce the temperature, change of solvent to lower the severity of the operating conditions, an extraction column, a solvent mixer to optimize the use of solvent and efficiency of acid extraction and the use of solvent recycle. 

Option 3 (Figure 1) which contains all basic and additional processing units can be described as follows. Acrylic acid is produced by partial oxidation of propylene in a fluidized-bed catalytic reactor. To prevent any side reaction, a cold recycle quench is used immediately after reactor. Deionized water in the off-gas absorber absorbs off-gas from the quench tower, containing acetic acid, acrylic acid, unreacted propylene, and byproducts. In the next step, an acid extractor is used for liquid-liquid extraction to separate the acid from water using diisopropyl ether as the solvent. After that diisopropyl ether is recovered and recycled in the solvent tower from the organic phase of extractor products. The bottom stream from this solvent tower is sent to the acid tower to separate and cool the acetic acid and acrylic acid and send them to storage. A waste tower is used to recover and recycle the solvent from acid extractor’s aqueous phase product. The bottom wastewater stream, containing acetic acid and small amount of solvent, is sent to wastewater treatment (Palaniappan et al., 2002b). 

In order to create the supernet of this process involving all processing units of the three mentioned options, the basic parts of routes are included in the main structure of the supernet. Moreover some groups of one or more units have been created and modelled as subnets. As a result, the following unit groupings/subnets have been considered:
· Subnet A: including air compressor (Figure 2a).
· Subnet B: including distillation column I, distillation column II, and distillation column III (Figure 2b).
· Subnet C: including solvent splitter (Figure 2c).
· Subnet D: including acid extraction tower, distillation column I, distillation column II, distillation column III, and solvent mixer (Figure 2d).
The Petri net model of the supernet (Figure 2e) is implemented in Visual C++ and the total number of routes generated by Petri net is found to be 8. The results of Total Safety-Cost Ratio and Penalty factor estimations for these routes are presented in Table 1.
5. Discussion
The results in Table 1 illustrate that the 8 generated routes have Penalty factors between 2 and 6 and Total Safety-Cost Ratios between 32.25 and 3.6 depending on their added inherent safety feature(s). Routes 3 and 4 with Penalty factor of 2 have the lowest, specifying them as safer options which are the same as options 2 and 3 respectively in Khan and Amyotte (2005). Between these two routes, route 4 has Total Safety-Cost Ratio of 32.25 which is higher than 29.98 for option 3 and the highest among all routes resulting in route 4 to be the best option. Route 5 which is the base case with no added inherent safety feature shows the highest Penalty factor of 6 and the smallest Total Safety-Cost Ratio of 3.6. 

In comparison with previous methods, the proposed method has significantly reduced human intervention in decision-making process. Route selection can be based on Total Safety-Cost Ratio which is a combination of safety and cost indices of all equipment in each route instead of assessing different factors separately. Moreover this approach has the capability to automatically generate possible process options and carryout safety calculations simultaneously. The automation of route generation which means creating all possible combinations of subnets and the base case is one of the most important advantages of using Petri net model. This minimizes the likelihood of missing any possible combination.
6. Conclusion
This paper proposed place weighted Petri nets as a novel tool for selection of process design based on inherent safety technique. Inherent safer design is a methodology to achieve fundamentally safer plants. The impacts of applying inherent safety principals in process design can be quantified using I2SI indexing system.

The proposed approach provides designer with the opportunity of considering more feasible routes faster through its automatic route generation ability and easier evaluation and comparison of their safety and costs through simultaneous calculation of Total Safety-Cost Ratios.
Table 1. Total Safety-Cost Ratio of each route

	
	Route1
	Route2
	Route3
	Route4
	Route5
	Route6
	Route7
	Route8

	Penalty factor
	5
	5
	2
	2
	6
	6
	3
	3

	Total Safety-Cost Ratio
	8.65
	9.57
	29.98
	32.25
	3.6
	4.52
	24.93
	27.20
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Figure 1. Aclyric acid production route including all inherent safety features.
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Figure 2. Petri net model of aclyric acid production routes, a: subnet A, b: subnet B, c: subnet C, d: subnet D, e: supernet.
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