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Traditionally, process simulation models and other design tools allow engineers to design, simulate, and optimize chemical processes. However, there is still a critical need to incorporate environmentally-conscious engineering into the systematic design of these processes. This paper presents a three-stage approach for eco-efficient process design and evaluation, coupling process flowsheeting and utility tool with a life cycle assessment module that generalizes and automates the evaluation of the environmental criteria. The well-known HDA process illustrates the proposed methodology. The development of the framework serves as a guideline for determination of sustainable metrics for eco-efficient process design.

Introduction

Researchers in academics and industry have used simulators and modelling tools to achieve profitability where environmental considerations are considered as constraints. However, a list of ecological considerations to be included as environmental impact objectives is a challenging task. For this purpose, Life Cycle Assessment (LCA) is identified as an efficient method to quantify environmental burdens [START_REF] Azapagic | Life cycle assessment and its application to process selection, design and optimisation[END_REF]. Even if the core idea of the recent approaches that involve the design of sustainable chemical processes is not new [START_REF] Anastas | Green Chemistry, Theory and Practice[END_REF]], it must be yet recognized that the systematic use of LCA tools in the chemical engineering community is recent and is generally performed for given operating conditions of a typical process as an environmental evaluation stage. In that context, combining LCA and process simulation can be performed by two ways, either embedding process description in an LCA tool or embedding LCA in process simulation. The former approach is far less flexible due to the lack of process models implemented in current LCA tools while the latter needs to broaden the scope of the studied system. This paper introduces an integrated "simulation-life cycle assessment" approach and a compliant software framework for generating sustainable design and operations alternatives for chemical process plants. This proposal is illustrated through the well-known case study of benzene production by HydroDealkylation of Toluene (HDA) process.

A framework for eco-efficient process design

Development of an integrated approach for eco-efficient process design

Process synthesis is a very complex activity that involves a series of different approaches [START_REF] Douglas | Conceptual Design of Chemical Processes[END_REF] to facilitate the design of a process. This is normally related to tools, primarily software and mathematical algorithms to simplify and automate the computation. There are numerous software packages both in academia and industry that are designed to facilitate computer-aided chemical process design. An interesting contribution [START_REF] Kikuchi | Integration of CAPE and LCA Tools in Environmentally-Conscious Process Design[END_REF] also proposes an integrated environment of tools. Other approaches to sustainable design are adopted by [START_REF] Carvalho | Analysis and generation of sustainable alternatives: Continuous and batch processes using SustainPro[END_REF], [START_REF] Fermeglia | COWAR: A CAPE OPEN software module for the evaluation of process sustainability[END_REF], [START_REF] Othman | A modular approach to sustainability assessment and decision support in chemical process design[END_REF] and [START_REF] Fu | Process design for the environment: A multi-objective framework under uncertainty[END_REF]. This work lies in this perspective in order to develop an integrated "simulation-life cycle assessment" approach, consisting into three main steps (Figure 1), (i) the first stage starts with the simulation of a given chemical process and its associated energy production plant in order to carry out a pre-analysis and identify the chemical components and primary sources together with process inputs/outputs. The main goal of the pre-analysis step is to obtain an impact assessment matrix. A reference design case (for an existing process or the base-case for a new process) serves as an initialization step for the simulator coupled with the energy software. This reference set of data (consisting of the flow rates computed from steady state mass balances and primary energy requirement computed from the combined used of the simulator and utility software tools) is then used to perform Life Cycle Inventory in order to identify both inventory substances and their associated potential factors towards a chosen impact method. The obtained matrix is then exported in an adequate form for later use in the next approach stages. Therefore, the explicit use of the LCA software tool is performed only once for a given process. Figure 1. Overview of integrated approach for eco-efficient process design (ii) The second stage is the cornerstone of the approach; its objective is to design a generic test platform so that the sensitivity of a set of design and operational variables can be investigated relative to environmental indicators. For this purpose, the flow rates of the involved substances and primary energy amounts are computed from the use of the combined simulator and energy software tools. Then, (iii) the third step computes automatically the environmental impacts of a given process. This is accomplished through data recovery from the environmental impact matrix, in order to perform environmental impact reassessment. This can be done for several options in order to analyze the results and identify the operational variables that need to be changed to improve progress toward target indicators.

This approach allows the evaluation of the environmental impact of specific unit operations or specific streams of the process. This approach is flexible and can provide important information to decision makers in the phase design. The final results include information about the life cycle analysis of a given process, and the environmental impact analysis for process outputs (purge, by and co-products).

Development of a Prosim-based framework

The pre-analysis design stage involves a process simulator to carry out mass and energy balances. For this purpose, the sequential modular-oriented simulator (Prosim) was used in this study. The computation of the amount of primary energy sources needed by the process and the quantification of the pollutant emissions due to energy production are performed by use of ARIANE TM , a decision support tool dedicated to the management of plants that produce energy under the form of utilities (steam, electricity, hot water...) included in the Plessala module. In the framework, the primary energy requirements are automatically computed by the software tool. A great deal of effort was devoted to the development of an interconnection between both tools so that utility production is synchronous with the energy requirement of the process. This interconnection is achieved by using COM technology (Component Object Model), which allows the creation of scripts for information exchange with ARIANE TM models.

Life Cycle Inventory and Assessment (LCI/A) is performed using the SimaPro software tool with the EcoInvent database to estimate the cumulative environmental impacts associated with manufacturing of all the chemicals used to make a product. It must be emphasized at this level that equipment manufacturing involved in the process is not considered here since the final equipment design and technology choice are not finalized at this design step. The following computation is based on the Impact 2002+ method [START_REF] Jolliet | IMPACT 2002+: A New Life Cycle Impact Assessment Methodology[END_REF]] that can provide both mid and final categories.

Framework validation and case study

The well-known case of benzene production by HydroDealkylation of Toluene (HDA) illustrates the interest of such an approach (Figure 2). Yet, it must be said that due to the lack of place, different options for process synthesis and design alternatives that can be considered as more sustainable than the standard process first presented by [START_REF] Douglas | Conceptual Design of Chemical Processes[END_REF] then modified by [START_REF] Turton | Analysis, Synthesis, and Design of Chemical Processes Third Edition[END_REF] are not explored in this paper. Only the standard process serves as a test bench. This process involves two reactions, the conversion of toluene to benzene (1) and a side reaction of benzene to diphenyl (2):

C The HDA process is composed of three steps, which are the reaction between toluene and hydrogen that takes place in an adiabatic reactor, the liquid and steam separation phases and a purge of methane that prevents from its accumulation in the process. The co-product, i.e., methane can be used as a fuel after membrane separation (this is generally a capital intensive solution) or burnt in the torch. In this study, the coproducts (diphenyl and methane) are considered as pollutants, which is a penalizing assumption. The process energy requirement is provided by a gas turbine that cogenerates heat and electricity: energy can thus be used to generate steam or hot water that are necessary for the chemical process while the electricity can be used in the process or injected in the plant grid. The turbine operates with a mixture of fuel and natural gas.

The above mentioned framework is then used to evaluate the environmental performance of the HDA process coupled with a gas turbine for energy supply. The mid-point categories of the Impact 2002+ method are analyzed for illustration sake. Figure 3 shows not surprisingly that the use of fossil fuels contributes to the environmental impact in each of the categories analysed; the emission of CO 2 is present in all the categories. It must be also pointed out that mineral extraction and ionizing radiation categories are quasiexclusively constituted by CO 2 . The by-products, i.e., methane and biphenyl are treated as pollutants in the purge and the analysis of their impact is particularly interesting. In the methane and hydrogen purge, it is observed that methane is the only substance that contributes to global warming potential while in the biphenyl output; biphenyl contributes only to the non-carcinogens category. The main contribution to the other categories from both comes from traces of substances such as benzene. 

Conclusions

An integrated approach combining process simulation and life cycle assessment for ecoefficient process design was proposed in this paper. A software framework based on commercial tools was developed and validated through a test bench. Although process synthesis techniques have been used as tools to design more sustainable processes, their application is not yet straightforward in the industrial practice. An explanation may be that the proposed tools and methods do not embed the holistic aspect of the issue. In that context, the objective was to develop a systematic methodology to assess the environmental impact of a process. This approach extends the work of [START_REF] Ouattara | Economic and environmental strategies for process design[END_REF], in which process simulation was tackled by the use of a simplified simulator dedicated to the studied process and for which the environmental aspect was considered as a direct contribution of the process to an environmental burden so that the raw material extraction stage was not considered. The idea was here to develop a more generic eco-efficient approach that can be applied at preliminary design stage when using traditional process simulation package for mass and energy balances. A key point was to couple process flowsheeting with a utility software tool and to perform Life Cycle Inventory by classical approaches embedded in LCA. The interest of the proposed framework is to evaluate different configurations or operating parameters of the same process and then to choose the best compromise between all of them using for instance a multiple criteria decision making technique.

The approach presented in this paper has been used to analyse a specific process, but can be applied to any other process. A further step is now to develop a multiobjective optimization procedure dealing with the two other pillars of sustainability.
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 23 Figure 2. HDA unit coupled to the central production of utilities (involving a gas turbine)