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Abstract

The objective of this paper is to present a methodology that is able to generate, screen and then identify sustainable alternatives in any chemical process by locating the operational, environmental, economical and safety related bottlenecks inherent in the process. In this methodology the critical points, which present high potential for process improvements are determined using some mass and energy indicators. Through a sensitivity analysis of these indicators, it is possible to point out what should be done to improve the process. The choice of the best alternative is based on the analysis of some performance criteria, such as, sustainability and safety evaluation. The sustainability quantification for each process is carried out through the sustainability metrics and/or the life cycle assessment (LCA). The safety of the process is evaluated through a quantitative/qualitative analysis. Sustain Pro has been developed as a software based on Visual-Basic macros inside Excel in order to enable a wider user-base of the methodology. The application of the indicator based methodology as well as the software are highlighted through a detailed process flowsheet for the production of Vinyl Chloride Monomer (VCM). 
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1. Overview of the methodology
The economic and industrial activities related to chemicals-based products are continuously increasing all over the world. This means that the energy consumption, the raw materials depletion and the environmental impact are also growing in their importance in the modern society. In order to address these issues a new methodology, which allows the generation of more sustainable alternatives for any process (new or existing) has been developed. The main steps of this methodology are briefly described below.

Step 1: Collect the steady state data
Process data needed to apply the methodology is collected, such as the mass and the energy balances as well as the purchase and sale prices for each compound. This data can be provided from real plant data or trough model-based simulation.
Step 2: Flowsheet decomposition
The flowsheet decomposition is performed to identify all the open- and closed-paths for each compound in the process flowsheet. 
Step 3: Calculate the indicators, the sustainability and the safety parameters
The mass and energy indicators are calculated for all the paths determined in step 2. Through the values obtained for these indicators it is possible to identify the locations within the process where the mass/energy “paths” face “barriers” with respect to costs, benefits, or accumulation problems. These critical points present high potential for process improvements. The analysis of the process impact is determined through the calculation of a set of sustainability metrics and/or the LCA analysis (see 1.1 Life Cycle Assessment). The safety of the process is measured by the use of a set of safety indices. 
Step 4: Indicator Sensitivity Analysis (ISA) algorithm
In this step the target indicators are determined using the ISA algorithm. To apply this algorithm the indicators having the highest potential for improvements are identified first. Then an objective function such as gross-profit or process total cost is specified. Then a sensitive analysis is performed to determine the indicators that allow the best improvements in the objective function and selected indicators. The target values for the indicators are also specified in this step.
Step 5: Sensitivity Analysis 
A sensitivity analysis with respect to the operational (parameters) variables, which influence the target indicators, is performed. The analysis identifies the operational variables that need to be changed to improve the process in the desired direction.
Step 6: Generation of new design alternatives
New alternatives are generated using a systematic analysis where a collection of synthesis algorithm (see 1.3 Generation of new design alternatives) can be used. A new design alternative is considered more sustainable if and only if it improves the target indicators without compromising the performance criteria in more than 1% comparing with their initial value Carvalho et al., (2007).
1.1 Life Cycle Assessment (LCA)
A product's life cycle starts when raw materials are extracted from the earth, followed by manufacturing, transport and use, and ends with waste management including recycling and final disposal. At every stage of the life cycle there are emissions and consumption of resources. In order to address the LCA in the current methodology some specifications need to be defined. 
· Define a common measurement unit. 
In order to make comparisons between two different design alternatives, it is necessary to find a common point between them. The main goal here is to generate design alternatives for a given process that produces a specific compound. Consequently, the common point between the LCA analysis in all the alternatives is the final product. The unit base for all LCA analysis is selected as the production of 1 kg of the final product.         
· Define the boundaries of LCA study
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	In this methodology the generated alternatives in most cases employ the same raw material, distribution, etc, while the differences between alternatives are presented with respect to operational conditions inside the process. When the raw material usages,

	Figure 1: LCA system boundaries                
	


the distribution or the utilization of the product are the same, the environmental impact in those parts of the life cycle are also the same. So, when these alternatives are compared, the environmental terms in the LCA analysis can be neglected. The boundary of the system then covers only the process. When some additional information is given relative to a difference in the distribution work, in the utilization, in the reuse or the in recycle (see Figure 1). In these cases the respective areas should be included in the study boundary. 
· Define the evaluation parameters
The environmental impact will be calculated through the utilization of the WAR algorithm, Cabezas et al, (1999), if the boundary is only the process. When the boundary is extended to more areas than the process, SigmaPro will be used to calculate Eco indicator 95. This indicator includes the determination of the environmental impact in the following areas: Green house effect, ozone depletion, human toxicity, pesticides, summer smog, winter smog, depletion of raw material and energetic resources, acidification, eutrofization, emission of heavy metals, carcinogenic and solid disposal.

1.2 Safety Indices
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	The safety criteria needs to be considered in different ways depending on the generated process alternative. The strategy used is divided into two levels: the first level involves simple and most generic approach to study the safety of the process while the second level, when necessary, makes a more specific and detailed study. When two alternatives are totally different, and they must 

	Figure 2: Diagram to the safety evaluation methodology     
	


be compared, a qualitative analysis is done through the use of a risk matrix, which in most cases can be expected to be sufficient for a comparison between design alternatives. However, when the design alternatives are quite similar or when the analysis does not show any differences between two alternatives, a semi-quantitative analysis is applied. This analysis is done through the use of safety indices specific to each design alternative:

· Reduce the inherent safety- Apply I2SI (accounts for costs related to safety).
· Problems related to reactions identified - Apply i-safe index (specific indices to the reaction mechanism) 
· General problems – ISI (generic indices accounting for chemical and process inherent safety). 
When the main objective is to improve the safety of the process and the index I2SI has the same value for the base process and a new alternative, this may mean that the semi-quantitative option is not sufficient to represent the safety of the system and a quantitative analysis needs to be done using a model, which describes the operation of the process under study and providing more meaningful results (see figure 2). In this way it is possible to confirm if the safety of the process is unchanged (indicated by the unchanged I2SI value) or if they have improved for a new design alternative. 

1.3 Generation of new design  alternatives
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	The operational variables identified in step 5 can be inserted in one of the four categories listed: 

Category 1: separation;

Category 2: reduce flow in a closed-path;

Category 3: reaction;

Category 4: reduce flow in an open-path;

Once the categories have been identified, process design alternatives are generated based on the flow-diagram shown in  Fig 3. In the final step of generation of flowsheet alternatives, synthesis algorithms are employed.

	Figure 3: Flow-diagram to generate a design alternative
	


· Separation Synthesis: Apply algorithm of Jaksland and Gani, (1996)

· Improve a separation unit: Apply algorithm of D’Anterroches and Gani, (2005)

· Improve a reactive unit: Apply algorithm of D’Anterroches and Gani, (2005)

· Selection of new solvents: Apply algorithm of Harper and Gani, (2000)

2. Sustain-Pro
Based on the work-flow, data-flow and calculations of the methodology described above, the Sustain-Pro software has been developed. The inputs for Sustain-Pro are the mass and the energy balance data as well as the prices of the compounds present in the process. Sustain-Pro is able to read the mass and the energy balance data from an excel file, thereby making the transfer of data generated trough process simulators or from real plants. Sustain-Pro performs the flowsheet decomposition, lists the open- and closed-paths and calculates the indicators and the various metrics. 

3. Vinyl Chlorine Monomer (VCM) Case study

3.1. Process flowsheet 
In order to illustrate the application of the indicator based methodology and the use of Sustain-Pro as tool, the flowsheet for the production of VCM considered as a case study. The VCM flowsheet can be divided into five sections.               

Section 1: Direct chlorination of ethylene to produce 1,2- dichloroethane (EDC), which is the raw material of VCM.; Section 2: EDC is produced in this section by oxychlorination of ethylene with the recycled HCL and O2; Section 3: Purification of EDC; Section 4: Thermal cracking of EDC to form VCM; Section 5: VCM’s purification takes place here allowing the HCL’s recover to the oxychlorination reactor.
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	Figure 4: Process flowsheet for VCM process


3.2. Application of Sustain-Pro
The required detailed process data for VCM plant is directly transferred to Sustain-Pro and the flowsheet decomposition step identified 138 open-paths and 252 closed-paths. For the entire set of paths, the full-set of indicators was calculated and only the most sensitive indicators are listed in Table 1 (for open paths) and Table 2 (for cycle paths).  

Table 1: Calculated indicators values of the most sensitive open paths in VCM process
	Open path
	Component
	MVA (103 $/y)
	EWC (103 $/y)
	TVA (103 $/y)

	OP19
	EDC
	58.827
	272.167
	-213.340

	OP28
	EDC
	41.073
	189.108
	-148.035


Table 2: Calculated indicators values of the most sensitive closed paths in VCM process
	Closed path
	Component 
	EWC(103 $/y)

	CP3
	EDC
	169.18

	CP39
	EDC
	143.99

	CP111
	EDC
	56.41

	CP219
	EDC
	146.21


From Table 1 and 2, it can be noted that EWC (Energy and Waste Costs) indicators have very high values. The high values of EWC mean high energy consumption and a need for a reduction of the flow rates for these paths or an improvement of the operational variables within the process could be preferred. To set target indicators, it is necessary to define the improvement objective in order to apply ISA. In this case study the main objective was the gross-profit improving at the same time the environmental impact and making insignificant effect on all other metrics and indices. According to ISA algorithm, the most sensitive indicators were identified to be the EWC indicator in cycle path CP219. Finally, a sensitivity analysis was done in order to determine the corresponding target variables, which would produce the best improvements in the target indicators. The flow-rate of cycle CP219 was found to be the most sensitive operational variable.
From Fig. 3 it can be noted that the improvement category for the operational variable (identified as the one that can change the target indicator) is category 2.1. That is, the process can be improved through design options associated to category 2.1, which are: Insert a purge, improve the already existing separation units, insert a new separation process or improve the conversion in the reactor.
The first two alternatives were tested but the criteria established to identify more sustainable alternatives were not respected for these alternatives. Then the alternative to insert a new separation process in closed-path CP219 was investigated. This alternative could be an interesting option if the investment cost for the new equipment is relatively low and if the flowrate of CP219 can be reduced without reducing production rate. To determine the best unit to separate the impurities present in the EDC recycle loop, the methodology of Jaksland and Gani, (1996) was used. Applying this methodology, four types of separation units were found – Gas absorption, Liquid absorption, Liquid Membrane and Pervaporation. Since stream TOP2 (which will be the input to the new separation unit) has very small flowrates of the impurities and it is in the liquid phase, pervaporation appeared to be the most promising alternative. A simulation to validate this new alternative was done and the target indicators (EWC of EDC closed-paths in table 2) were improved by 31%. At the same time all the performance criteria remained undisturbed while others actually improved. This means that this alternative satisfied the criteria for a more sustainable alternative. Further simulations reveal that the process is now more sustainable as the energy metrics decreased by 2%, the water metrics decreased by 2.8% and the profit improved by 0.34%, while all the other metrics and indices remained constant. Based on a calculation of the investment for a membrane based pervaporation unit, it could be concluded that the investment cost for the new pervaporation unit will be paid off within one year. Finally, the last alternative was not considered since there is not sufficient data available on alternative catalysts to improve the EDC conversion.
4. Conclusions & Future work

The development of a systematic and generic indicator-based methodology for process analysis and process improvement has been presented and highlighted through a industrially relevant case study. With the development of corresponding software (Sustain-Pro), the application of the methodology has now wider user-base.  As shown through the VCM case study, the size of the problem is not an issue as the objective is to locate the most sensitive indicators and their related variables, which are not that many. Current and future work will address the generation of operational alternatives for high-value batch-operation based chemical products and the improvement of Sustain-Pro with the addition of new tools and the insertion of the remaining steps of the methodology.
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