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1. Introduction

Design of chemical processes should be based on a sustainable development to improve the quality of human life and keep our natural environment clean. Sustainable development provides a framework for the integration of ecosystems with industrial activities and systematic ways to enhance process efficiency and product quality. The efficient use of energy and materials has received much attention to achieve good economic performance. While cost-effective processes are favoured by companies, increasing environmental concerns have stimulated a great challenge in the chemical industries. Aqueous waste generated from processes should be minimised and must not be harmful to the environment. Effort to reduce environmental emissions has provided solutions to minimise aqueous waste before discharge to the environment.

The focus has increasingly shifted from end-of-pipe treatment solutions to more fundamental structural changes that allow decreasing wastewater generation or recovering and re-using water. A number of systematic approaches based on “Process Integration” concepts have been developed in terms of aqueous emissions reduction. Well-established methods are now available for water minimisation and the methods have been successfully applied to the industry. Recently, there has been a distinctive trend to make more effective use of mathematical approach and conceptual analysis simultaneously (Smith [1]). In this presentation, design methodologies for aqueous emissions reduction will be described from the viewpoint of “Process Integration”. It could help engineers to gain new design insights into the design of water systems and be a decision-support tool to achieve sustainable development.

2. Water and Wastewater Minimisation

Water in the past has been assumed to be a limitless and low-cost commodity. But increased awareness, shortages of supply of the usable water and increasing water costs have encouraged efficient water system design. Also, increasing environmental protection and rising costs for wastewater treatment have resulted in a focus on wastewater minimisation problems.
For reduction of freshwater consumption and minimisation of effluent discharge, a conventional strategy introduces process changes for individual units to reduce their inherent water demand. Examples include increasing the number of extraction/absorption/scrubbing stages, to introduce local recycles, to implement better control schemes, to upgrade water-washing equipment with high efficiency, etc.

Another strategy is to use a systematic approach based on the re-use of water between processes. During the last decade, various systematic methods based on pinch analysis have been a key role in saving water resource and developing environmental-friendly design for water systems. The development of water pinch analysis has evolved from the concept of process integration and has contributed significantly to the process industries. Mann and Liu [2] suggested that its success rests on its unique ability to 1) identify attainable performance targets prior actual design and operation and 2) design and retrofit water-using operations to meet minimum performance targets.

2.1. Water pinch analysis

Wang and Smith [3] introduced a design method for targeting maximum water re-use based on the graphical representation of water systems. The basic idea was that wastewater can be re-used directly in other operations when water-using operations can accept the contamination level of previous operations. They introduced the “limiting water profile” in terms of the maximum inlet and outlet concentrations for water streams. This enables different water-using operations to be treated on a uniform basis and allows the design procedure to proceed without concern about the specific nature of the process stream or particular operating pattern.

Once the limiting water profile for every water-using operation has been determined, an overall limiting profile is constructed as a single composite curve by combining the individual profiles within concentration intervals (Figure 1). This curve represents the behaviour of a total water system as if it were a single water-using operation. By maximising the outlet concentration of the water supply line, the minimum consumption of freshwater is obtained and the slope of the water supply line gives the target for minimum fresh water flowrate (45 t/s in this case). The composite curve touches the supply line at the freshwater concentration and 100 ppm concentration in this case. Each point creates a pinch in the design. At the pinch, the driving force goes to a minimum since the limiting profile data contains the process constraints of minimum driving force.
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Figure 1. Targeting of minimum freshwater consumption
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2.2. Automated total water system design

Wang and Smith’s [3] design methodology has been improved for total water system design with considerations of interactions between water minimisation, regeneration systems and effluent treatment systems (Wang and Smith, [4], [5], Kuo and Smith [6], [7], [8]). Whilst these conceptually-based approaches provide physical insights and design features of water systems, these analyses are not suitable to deal with larger problems, multiple contaminants and various operating restrictions. Also, they cannot accommodate the large number of alternatives that should be judged by economic evaluation, plant layout, environmental impact, etc. Therefore, an automated integration tool, as a larger decision support framework, is required for engineers to screen design options and network structure- the choice of arrangement of unit operations and operating conditions- that fulfils various design objectives.

Figure 2. Superstructure for total water system design

Doyle and Smith [9] developed an automated procedure based on mathematical optimisation techniques to overcome the difficulties of the conceptual design approach. Alva-Argaez [10] improved the automated method for total water system design to explore the full range of opportunities for water re-use and effluent treatment. The superstructure representation of the design problem is used to generate all possible integration options (Figure 2). Capital cost, including mass exchanger and piping costs, as well as the design complexity were considered for the simultaneous design of water-using and water treatment subsystems.
2.3. Cooling water system design for water and wastewater minimisation

In industrial situations, not all water is fully re-used or recycled in processes, even though its quality of them is good enough for re-use. For example, in steam generation systems, steam condensate loss occurs. Not all the condensate is usually recovered. The steam condensate not recovered is a good water source to re-use.

While valuable water is not recovered, the quality requirements for cooling water makeup are not generally as high as for other industrial processes. Therefore, cooling tower makeup can be changed from freshwater to re-used water or wastewater, if the quality of the water is relatively good. Water consumption and wastewater generation can be reduced simultaneously when wastewater before discharge or treatment is used for cooling tower makeup.

When the wastewater is added, the overall flowrate of cooling water is increased for tower operation. If the temperature of the wastewater is higher than that of the inlet cooling water, the tower may not remove the desired cooling load. When wastewater is added to the main cooling water header, cooling water systems become bottlenecked. A solution for debottlenecking can be obtained by modifying the cooling water network from the observation that the heat removal of the cooling tower is increased when re-use opportunities between coolers are increased (Figure 3). This design methodology of cooling water networks enables an increase in the operating range of the cooling tower and provides systematic procedures to deal with cooling tower overloading. As re-use design of cooling systems allows cooling towers to take wastewater as makeup, substituting makeup with wastewater can yield water savings, as well as reduction in aqueous emissions without overloading problems in the tower.
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Figure 3. New cooling water network design for wastewater minimisation
3. Effluent Temperature Reduction

Though quality of wastewater is site-specific, the assessment of effluents usually involves the volume, discharge rate and concentration of pollutants, the temperature, pH and the quality of the receiving water. The change of temperature in surface /ground water, by the addition of wastewater heat, affects the physiochemical and hydrological properties of the water and potentially impacts on overall ecosystem.

While chemical, physical or biological treatment processes can be used for controlling the chemical pollution problems of effluents, the thermal treatment system is required for effluent temperature reduction problems when the temperature of the effluent streams is too high to be discharged directly to the receiving water. It has been used to reduce the temperature of effluents that the effluents are diluted with regional water (river, lake, estuaries or coastal water) near industrial sites and discharged to the environment. But this practice is not a long-term solution and is also restricted by government authorities for ground/surface water protection. So the introduction of cooling systems is inevitable for solving effluent temperature reduction problems. 

3.1. Distributed cooling water system design

Effluent temperature reduction can be accomplished by simply installing cooling equipment before discharge. However, this can be expensive and the design of effluent treatment systems should be based on investigating the whole process. Effluent systems are interconnected with wastewater-producing processes and cooling systems have both energy and water implications. So a design tool is required for effluent systems that can examine the system components, the interconnection of units and economic trade-offs.
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A new approach based on distributed effluent cooling systems has been introduced to cope with problems of thermal pollution. Distributed cooling systems are optimised to target and design for effluent temperature reduction (Figure 4). The optimisation model, combined with a graphical representation of the effluent system, identifies the most economic design while considering cooling constraints. After targeting of the optimal cooling system, design is achieved through extension of the grouping strategy for distributed treatment system design (Kim et al. [11]). 

Figure 4. Targeting and design of distributed cooling systems

3.2. Simultaneous water and energy minimisation

Wastewater and waste heat discharge to effluent collection point can possibly be reduced by analysing the sources of the effluent streams in detail. Reducing wastewater and waste heat at source can reduce thermal pollution to the environment and cut down the overall cost of cooling. Also, the minimisation of wastewater and waste heat is favourable from the viewpoint of usage and production of process utilities. 

Savulescu and Smith [12] first addressed the critical issues in reducing water and energy usage together and developed a “separate systems approach” to carry out energy recovery in combined water and heat integration problems. From their design methodology, thermal pollution problems can be systematically investigated, including system interactions of water and energy integration. 

4. Conclusion

This presentation is aimed to recognise the importance of system interactions in water system design and to bring creative new design concepts into current engineering practices. With the aid of the new and current available design methods, the performance of water-using systems could be improved and the aqueous emissions significantly reduced.
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