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Abstract 
 
Pulp and paper mills utilizing the Kraft pulping method demand large amount of water for the manufacturing 
processes. The purpose of this study is to evaluate opportunities of minimizing fresh water intake within pulp and 
paper processes by recycle and regeneration of wastewater streams. The compounds of concern are chlorinated salts 
which have a negative impact on environment and process equipments. Superstructure optimization is applied to 
synthesize Reverse Osmosis Network (RON) in order to regenerate wastewater streams with reduced salt 
concentration at minimum cost and to satisfy process water demand. A case study is presented to evaluate potential 
benefits of RON on minimizing wastewater consumption. 
 
Keywords 
Kraft pulp and paper mills, optimal wastewater treatment, reverse osmosis network. 
 
1. Introduction 
Water consumption and wastewater generation occur throughout the world due to both domestic and industrial 
activities. Due to increased attention to water conservation, pollution prevention and health concerns, much attention 
is being paid to water and wastewater management in modern societies. Large amounts of money are spent annually 
worldwide for water and wastewater treatment. Opportunities exist for innovations in the treatment of water and 
wastewater. This includes the need for efficient, less expensive treatment technologies that effectively reduce the 
cost of daily operations and increase production capabilities. In addition, industrial processes must be improved and 
environmentally safe chemicals introduced to prevent pollution in the first place. Recent trends toward improvement 
focus on minimizing water intake through process integration, recycling, reuse and regeneration (El-Halwagi 2012, 
Shi and Liu 2011). 
 
Pulp and paper process can be divided into wood yard and chipping, cooking, bleaching, screening washing and 
finishing production, Figure 1. Raw material preparation such as debarking, chipping and digestion is the first step 
of pulp manufacturing. Pulp preparation can be done by various mean such as mechanical and chemical processes. 
Pulping process with Kraft technology is the most popular method in pulp and paper manufacturing industry (Feria 
et al., 2012). It produces paper with better quality as measured by strength, brightness and thickness. However, the 
Kraft pulping process is driven by addition of large quantities of chemicals to cook the pulp; it produces hazardous 
contaminants in both the wastewater and sludge. Water consumption for Kraft pulping method is higher than other 
pulping methods. Therefore, water and wastewater management is a mandatory task to give optimal water usage, 
recycle and reuse opportunities. 
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Figure 1: Simplified process diagram for an integrated pulp and paper mill. 
 
In Kraft (sulfate) processes, wood chip is cooked with caustic soda to produce brown stock.  The brown stock is 
washed to recover chemicals and energy from black (cooking) liquor. The next step in pulp manufacturing is to 
bleach the slurry from the digester by using chlorine, chlorine dioxide, hydrogen peroxide, ozone and oxygen. The 
pulp slurry can either be dried and sent off to the paper mills or for integrated mills, it will sent off directly to the 
paper mills to press off excess water. Pigments or additives (wet end operations) are added to achieve desired paper 
properties (World Bank Group 1998). 
 
For Kraft mills, evaporators are used to concentrate cooking liquors from the digester to recover chemicals that 
could be recycled back as white liquors or fuels for energy supply. Black liquors are conductive causing scaling on 
the heating element, which leads to substantial damage to the equipments. Scaling reduces efficiency on heating 
equipments. Higher energy, labor and maintenance costs decrease the profitability of the pulp and paper mills 
(Hydro Dynamics 2000). Improvement in process such as the evaporator could reduce inspection frequency, effluent 
monitoring and testing, and possibly penalties for due to failures (Berube et al. 1999).   
 
Pre-treatment could be a mean of reducing the frequency of failures observed in the evaporator. Our approach is to 
incorporate reverse osmosis network to remove salts from the digester before entering the multi-effect evaporator 
(MEE). This will minimize accumulation of salts (e.g., NaCl and KCl) in the recycling network as well as regenerate 
wastewater for reuse. Moreover, it is observed that NaCl and KCl could lead to formation of dioxins and furans in 
the evaporator. Dioxins and furans are chlorinated by-products from the evaporator and are carcinogenic (Jianqing 
2010); therefore, ideally, it is desire to remove as much chloride compounds as possible from the wastewater before 
feeding it in the evaporator (Earl et al. 1995). Moreover, it minimizes fouling and corrosion of process equipments 
further down the stream. 
 
In the following, section 2 presents general literature review for water and wasterwater treatment optimization 
studies. In section 3, reverse osmosis network synthesis problem is briefly discussed to highlight key decision 
optimization variables. A representative case study is given in section 4, while section 5 summarizes the 
contribution of the research and underlines future research extension of the pulp and paper wastewater management 
problem. 
 
2. Literature review 
In the area of water and wastewater synthesis networks, Takama et al. (1980) introduced the optimal allocation of 
water in a petroleum refinery in the form of nonlinear programming (NLP) problem. The superstructure gave rich 
connectivity for wastewater reuse between water use and wastewater treatment subsystems. The model aimed to 
minimize fresh water intake by water use units and reduce wastewater treatment requirements. The solution of the 
model was obtained using the complex method. 
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Other insights into integrated water usage and distributed wastewater network design have been reported (Huang et 
al. 1998). The authors combined the water-use units and the distributed wastewater superstructures so that several 
water sources and sinks are added to a general superstructure. Water losses from these units were also included to 
describe conditions relevant to petroleum refineries. Alva-Argáez et al. (1998) considered the same superstructure 
given by Huang et al. and added the piping cost to the network as a fixed cost in the objective function. Moreover, 
the operating conditions for the water-use units were bounded by inequality constraints so that these units had 
variable inlet-outlet conditions. The solution methodologies adopted in the previous work aims to find optimal local 
solution. 
 
Hernández-Suárez et al. (2004) considered a NLP-superstructure problem of a distributed wastewater network. 
Decomposition of the superstructure to several substructures was proposed by assuming straight-through flow of 
process streams (i.e. no backward connectivity between the units). Based on the substructures, the resulting 
mathematical model had fewer bilinear terms in the case of a small number of processing units. A linear 
programming model was obtained in the case of a single treatment unit. A heuristic approach was suggested to 
iteratively exchange initial starting points between the LP models and nonconvex model by fixing one of the 
complicated variable values in the nonconvex terms. Although global solutions were obtained in the case of a small 
number of units within a reasonable time, computational difficulties arose when the number of units in the 
superstructures was increased.  
 
Meyer and Floudas (2006) considered the wastewater treatment network as a case study for the pooling problem.  
The convex relaxation of the bilinear terms present in their models is carried through the concepts of the 
Reformulation Linearization Technique (RLT). It was observed that the piecewise discretization of the quality 
variables could give very tight lower bound on the global optimum in the expense of large execution time. 
Karuppiah and Grossmann (2005) formulated the integrated water and wastewater treatment network as a 
nonconvex Generalized Disjunctive Program (GDP). Effective branch and contract global optimization based 
algorithm was proposed to solve NLP and MINLP models. The main feature of the algorithm was that the flow 
variable was discritized and the resulting discretized relaxed model was solved at every node in the search tree. 
 
Reverse osmosis (RO) has been shown to be a viable technology for water and wastewater treatment. It is a pressure 
driven process, where the membrane acts a barrier to retain pollutants in a concentrated stream and another purified 
permeated stream. RO membranes can provide separation capability to retain molecules and ions due to their small 
pore size, less than 0.5 nm. Besides, RO systems are modular, compact, and moderate in energy consumption. These 
advantages and others put RO systems as a strong competitive technology with conventional separation processes. 
 
RO networks are nonisobaric systems in which pumps deliver kinetic energy to wastewater streams, turbines extract 
energy from reject streams, and RO stages facilitate the separation. Elhalwagi (1992) gave an adequate 
superstructure of the problem based on the state space approach. Saif et al. (2008) presented improved 
representation of the problem with reduced MINLP model. Zhu et al. (1997) solved a scheduling problem of a 
flexible RO network for seawater desalination. The design model described the permeate flux as an exponential 
decay due to fouling. Maskan et al. (2000) optimized two stages RO network for the desalination of brackish water 
and seawater. Khor et al. (2012) solved the petroleum refinery optimal production planning while designing RO 
network to give optimal wastewater management. The following section presents briefly the model of Saif et al. 
(2008) for RON. 
 
 
3. Reverse Osmosis Network (RON) 
The configuration of the RON involves decisions on multi-components such as membrane surface area, number of 
reverse osmosis stages, pump and energy recover device design and operation, and the cost associated with the 
system. Configuration of the RON can be done via mathematical formulation with mixed integer non-linear 
programming (MINLP) which is based on a superstructure of all possible process flowsheet, Figure 2. The solution 
from MINLP model provides optimal reverse osmosis flowsheet, stream distributions and operating conditions (Saif 
et al. 2008). 
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Figure 2: Reverse osmosis network representation. 

 
The RON is derived based on the objective of minimizing total annualized cost (TAC) for the system and is given 
by: 

                                         Objective function: Min TAC = ∑ fixed cost + ∑ operating cost                                (1) 
where,  
∑ fixed cost = fixed cost (RO units + pumps + energy recovery devices)  
∑ operating cost = energy cost + replacement cost for membrane. 
 
The states for an MINLP are governed by the following constraints: 

• Material balance for inlet-outlet streams. 
• Product demand. 
• Environmental constraints. 
• Operational constraints. 

Examples of operational constraints included pump capacity, flow rate requirement, membrane surface area and 
other restrictions on design or process equipments. These constraints can be “tighten” or “relaxed” depending on the 
purposes and objectives of the operation. A detailed description of the MINLP model can be found elsewhere (Saif 
et al. 2008).  
 
Performances of the RON network can be measured by the portion of water recovery in permeate and the portion of 
solute rejection in concentrated stream. The two measures are given by: 
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where,  
Cf, solute = concentration of solute in feed stream 
Cc, solute = concentration of solute in concentrate stream 

 
Water recovery for each stage of the process is another important parameter in the design of membrane network. 
The water recovery for each stage, n, is given by: 
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where  
Qp,n = flow rate of permeate stream in stage i 
Qf,n = flow rate of feed stream into stage i 

 
For the proposed RON, the objective is to minimize annual cost of the network while satisfy the constraints of 
maximizing permeate output and minimize the concentration of salts in the permeate streams. The proposed design 
approach has also been applied for wastewater management in many other industries (Khor et al. 2011). Next 
section analyze RON synthesis problem on a single wastewater stream regeneration. 
 
4. Case Study 
Water network for a kraft pulp and paper mill is given in Figure 3. The black line indicates conventional water flows 
without any recovery process where fresh water is added in each of the process unit. A modified water network is 
configured where the red lines represent recycling streams and the yellow lines represent fresh water addition. This 
network was proposed to maximize water recycling and reuse in a pulp and paper plant (El-Halwagi et al. 2006) and 
is adopted in this study with the modifications mentioned above. A membrane unit is inserted prior to MEE to 
remove salts and recycle water streams with acceptable properties. Upon the solution of RON mathematical 
programming model, the configuration of the RO flowsheet can be achieved with optimal operation conditions.   

 
 

 
Figure 3: Example of water flow through pulp and paper processes. 

 
The MINLP model for the RON was set up according to the reverse osmosis module data given in Table 1, (Saif et 
al. 2008). These data are typical of industrial reverse osmosis unit operating under the case study given conditions. 
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Table 1:  Properties of DuPont, B-10 Hollow Fibres. 

Module  property (unit) Value 
Fibre length, l (m) 0.750 
Fibre seal length, ls (m) 0.075 
Outer radius, ro (m) 50 x 10-6 
Inner radius, ri (m) 21 x 10-6 
Membrane area, Sm (m) 152.00 

 
The optimal RON is obtained by solving the MINLP with the constraints specified in (Saif et al. 2008) with the 
input stream data as given in this case study. The RON consists of three set of modules, two pressure pumps and two 
compressors, Figure 3. The reject and permeate from the module #1 is further treated with module #2 and module 
#3, respectively to separate out additional clean water and to further concentrate solute from solution. One pump is 
needed to provide pressure to overcome the osmotic pressure in module #1. An additional pump is required in the 
permeate stream from module #1 to provide additional driving force for module #3. Two compressors are required 
for energy recovery and to de-pressurized concentrate streams from module #2 and module #3.   
 

      
 

Figure 4: Optimal reverse osmosis flowsheet for wastewater stream treatment. 
 
The water recovery achieved for each modules is summarized the table 2.  

Table 2: Summary of Water Recovery in RON 
Stage Water recovery (%) 

r1 28 
r2 18 
r3 61 

 
The water recovery for the RON is approximately 30%. Hence, 30% of the wastewater generated from the digester 
is recycled back to the process rather than sending it off to the treatment plant. The solution of the model will allow 
a designer to modify the water network given in Figure 3 to accommodate the dilute stream (permeate) from the 
reverse osmosis network. Figure 5 shows an update of the water network within the pulp and paper processes. 
Overall, with the water recycling network, reduction in freshwater consumption is 7,700 tons per day, and translated 
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to approximately 13% in reduction. Beside, the RON is able to remove 98% of NaCl salts and 97% of KCl salts. 
Therefore, with such high level of removal, accumulation and built up on the subsequent process is migrated.   

 
 

Figure 5: Water network update after RON optimal solution. 
 
5. Conclusion 
This work covered the problem of water intake minimization and wastewater treatment by RON via mixed integer 
nonlinear programs. The design philosophy is generic to include multiple wastewater streams with multiple 
components. In our case study, we explored the possible opportunities to treat single source wastewater stream for 
recycling and minimizing fresh water intake. It is found that significant water intake (i.e., 30% reduction) can be 
achieved by implementation of RON before the multi effect evaporator units. This capital investment is justifiable if 
one takes into account the wastewater and water intake reduction. Beside, maintenance and labor cost will be 
reduced for the multi effect evaporators. Future work will consider the operational level optimization of pulp and 
paper processes while simultaneously design RON to minimize fresh water intake and wastewater stream 
generations. 
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