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Abstract
The process condensate from an ammonia plant contains many contaminants that can pollute the environment if emitted directly. Several techniques can be used to remove these pollutants, applied one at a time or together. To achieve a process design at minimum cost, a technique for mass exchange network (MEN) synthesis is used. Complications not encountered when synthesizing ordinary MEN are resolved using a simultaneous synthesis method involving the superstructure presented herein. The superstructure accounts for all feasible streams matched when targeting the minimum total annualized cost (TAC) of a network, with the minimum composition difference, ε, adjusted to trade off the operating cost and capital cost.   In addition, the effects of the temperature and pressure in each mass exchanger on the phase equilibrium equations are considered. The mathematical  formulation is a non-convex, nonlinear  program solved using the adaptive, simulated-annealing, genetic algorithm (ASAGA) developed by our research group. 
Keywords: process condensate; synthesis of mass exchange network; multi-components; total annualized cost.
1. Introduction
In the production process of an ammonia plant, a lot of process condensate is produced everyday. Usually, this kind of process condensate contains many contaminants, such as ammonia, carbon dioxide, methanol etc, which can pollute the environment if emitted directly. However, several techniques have been developed  to remove the pollutants, such as stripping with natural gas and medium pressure steam, which can be applied  one at a time or together, so that the recovery condensate can be  reused as boiler feed water or as water makeup for other process operating units. It is very important for the plant to design a process which can solve the problem with minimum cost. This is the work that can be solved by the synthesis of MEN. 
The concept of MEN was firstly introduced by El-Halwagi and Manousiouthakis[1-2]. The task of MEN is to transfer certain species (often pollutants) from a set of rich streams (contain contaminants to be removed) to a set of lean streams (often Mass Separating Agents, MSAs). By specifying a minimum composition difference, ε, the mass transfer pinch can be located, which is the thermodynamic bottleneck for mass transfer between process streams. 
The synthesis of MEN is one of the most important branches of process system engineering, which holds the dual benefits of improving the efficiency of resource and reducing the environmental pollution simultaneously. In the area of chemical industry, MENs are used to reduce the waste generated by a plant to an environmental acceptable level at the cheapest cost. It achieves the mass transfer by the composition gradient between rich and lean streams of each contaminant, so the study on the synthesis of MEN could not only reduces contaminant emission of a plant, but also improves resource utilization efficiency.

Up to now many researches on improving the synthesis procedures of MEN have been done successfully [3-5]. However, we can still observe some weakness and limitations. First, most methods proposed specify a fixed minimum allowable composition difference instead of optimizing it;  second, most research work are limited to the circumstance of transferring lower mass load, in which the input/output flow rates can be approximately regarded as constants; third, the researches on multi-component system are few and without regarding to the interactions of components.

As a result, there are some challenges when deal process condensate reusing system with the synthesis methods for ordinary MEN directly. First, this is a non–ideal multi-component system, in which the interactions of the components could not be omitted; second, the mass transfer loads between the rich and lean streams are relatively larger, which means that the inlet/outlet flow rates cannot be considered as constants as most ordinary MEN do; third, the effects of operating temperature and pressure in each unit on phase equilibrium equations cannot be omitted either. In order to synthesize an optimal process with minimum cost for process condensate reusing system of the ammonia plant, a simultaneous synthesis method based on the superstructure is presented in this paper.

The superstructure can consider all the feasible stream matches, which can be used to handle both single-contaminant system and multi-contaminant system. And a non-convex nonlinear programming (NLP) model of MEN can be established by targeting the minimum total annualized cost of network with the minimum composition difference ε as variables to trade off the operating cost and capital cost. And the effects of operating temperature and pressure in each equipment on the phase equilibrium equations are also considered, which can be obtained by linear fitting of thermodynamic data from simulation by Aspen Plus software. The equations are correlated to the operating temperature and pressure of the mass exchanger, the composition of each component, and composition differences between rich and lean streams. 
2. Problem Description

The process condensate data is derived from the process of a Synthetic Ammonia [7], in which 100,000 kg·hr-1 of process condensate is produced. All the related stream data are shown in Table 1 and Table 2. The condensate from the process consists of four contaminants mainly, which are to be removed away before reused by the boiler. There are several possible alternative processes to be selected, one is using natural gas to remove the contaminants, other is using medium pressure steam, and still others are employing both processes (in series or in parallel). 
It is desirable to design a process with minimum cost to realize zero effluents. This is a synthesis problem of multi-component MEN with a rich stream, one or two lean streams.
This problem can be stated generally as follows: given are a set of rich process streams
Ri (i=1, 2,…,NR), its flow rates, Gi, its supply inlet compositions 
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 and its target outlet compositions. Given also are a set of lean streams Sj (j=1, 2,…,NS), its maximal
Table 1.  Stream data for the case

	
	Mass fraction 
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	Gin(kg·hr-1)

	
	H2O
	NH3
	CO2
	CH4O
	CH4
	

	Supply inlet composition
	0.995764
	0.001848
	0.001498
	0.000574
	0.0000
	100000

	Target outlet composition
	0.97446
	4.0×10-5
	1.5×10-4
	3.4×10-4
	0.025
	


Table 2.  The price for streams and units

	Item
	water
	Ammonia
	Methanol
	Natural gas S1
	Medium pressure steam S2
	Saturate tower with  natural gas
	Stripping tower with medium pressure steam

	
	(￥·hr·kg-1·a-1)
	(￥·stage-1·a-1)

	Price
	49
	27331
	20148
	438
	1051
	12000
	14000


available flow rates,
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. Different from most literatures, the changes of flow rates of the rich stream and lean stream passing through a unit are taken into consideration. So the synthesis task of MEN in this paper is to determine the inlet and outlet mass flow rates of each lean and rich stream per stage, 
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In each mass exchanger, the phase equilibrium relation of each component is influenced by interactions of components in the system, and operating temperature and pressure.  For a rich stream with composition of
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depends on the phase equilibrium relations and the value of the composition difference εi,j,p .
Here,  assume that  in the range of compositions involved, the thermodynamically phase equilibrium relations between rich and lean streams are linear, and concern with the operating temperature T and pressure P, then we can obtain phase equilibrium equations  as Eq. (1).
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                                         (1)
Where the coefficient of a1,j, , a2,j,p , mi,j,p , and bi,j,p are assumed to be constants and can be obtained by linearizing the phase equilibrium data of component p at different temperatures and pressures in a range of compositions.
3. Formulation of multi-stage superstructure and mathematical  model
3.1.  The multi-stage superstructure for multi-component MEN

In order to consider all feasible matches in the network, a superstructure with stage-wise strategy is applied similar to the multi-stage superstructure proposed by Yee and Grossmann[6], where within each stage mass exchange can occur between each rich and lean stream. The number of stage required in the process relies on the number of rich 
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Figure 1.  Structure of stage-wise superstructure in stage k
and lean streams, i.e., can be determined by Nk=max {NR, NS}. The proposed approach does not rely on the pinch and enables a simultaneous consideration for all the design factors. Fig. 1 shows the matching structure of stage-wise superstructure in each stage involving two rich and two lean streams.

3.2. Formation of mathematical model
Based on above superstructure, the objective function of the optimal model in this paper is TAC of the MEN. The TAC involves the annualized operating cost and capital cost, as well as the recycle cost. In the mathematical model, the inlet and outlet flow rates and the compositions of rich and lean streams, together with the composition differences are taken as variables, which can be associated and calculated by the phase equilibrium equations and the corresponding constraints. Supposing the operating cost mainly lies on the flow rate of each lean stream and its unit price, and the capital cost depends mainly on the cost of tray number Ni,j,k and/or packing height Hi,j,k of each exchanger. The recycle cost relies on the quantity and unit price of the recycling components. Then, the objective function can be expressed as Eq. (2).   
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 denote the unit price of each stream or mass exchanger. 
The constraints of the optimal model involve:
     (1) Overall mass balances over the whole network;
     (2) Overall mass balance of component p over the whole network;
     (3) Overall mass balance in each mass exchange unit; 
     (4) Mass balance of component p in each mass exchange unit;
     (5) Phase equilibrium constraints of component p in each mass exchange unit; 

     (6) Outlet composition constraints of the component p for rich streams; 
     (7) Maximal composition constraints of component p for lean streams;
     (8) Other thermodynamically, environmental feasibility constraints etc.
At last, a NLP model is formed. Because there are a lot of variables and constraints in the model, it is very difficult to solve by a commercial software, so the optimal model is solved with ASAGA developed by our group. 
4. Solution to case study

Since the studying system is a little complicated, it is difficult for the components to get all the thermodynamic data. We obtain the data from Aspen Plus software. Then coefficients for the phase equilibrium relations of each component are correlated to the 
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Figure 2.  The optimal structure of MEN for the case

variables of temperature, pressure, the composition of each component in the rich and lean streams [8].
In order to solve the problem, firstly an initial two-stage superstructure network is constructed, and a NLP model is built based on the objective function and constraints that mentioned in the previous part of this paper, then the inlet and outlet flow rates of lean and rich streams in each unit, their compositions, and the set of composition differences are taken as variables, which can be optimized simultaneously by the ASAGA. 

The detailed optimal results for each stream are shown in the Fig. 2, Table 3 and Table 4. It is showed that this process condensate reusing system need three mass exchange units, one for natural gas stripping, two for medium pressure stripping. The process condensate first is divided into two streams, dealing with the natural gas and medium pressure steam respectively, and then the effluents are united and stripped with medium pressure steam again.

Table 3.  Results for the case

	Item
	L1in
	L1out
	L2in
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L2out
	N1
	N2
	N3
	fc
	fo
	fTAC

	
	(kg·hr-1)
	Number of plate
	(104￥·a-1)

	Optimization with single stage[8]
	9184
	15342
	6505
	5200
	15
	8
	-
	127
	1086
	356

	Optimization in this paper
	4503
	4798
	6316
	10813
	28
	12
	6
	256
	861
	236


Table 4.  The outlet compositions of the reusing condensate

	
	Mass fraction 
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	H2O
	NH3
	CO2
	CH4O
	CH4

	Outlet composition by optimization
	0.98270
	3.2×10-5
	0.1×10- 9
	1.2×10- 4
	0.017

	Target outlet composition
	0.97446
	4.0×10-5
	1.5×10- 4
	3.4×10- 4
	0.025


The data on the Fig. 2 are flow rates of rich and lean streams passing through each unit. Although optimal structure of the network is a unit more than that of single stage, the TAC is 33.7% lower because the operating cost have been cut down considerably than that of single stage superstructure. The optimal operating temperatures and pressures of natural gas stripping tower and medium pressure steam stripping tower are 190.58℃, 37.18 MPa and 248.88℃ , 36.07 MPa respectively.

The data of table 4 show that all the outlet compositions of each component in the recovery condensate have satisfied the technical requirements, which implies that the proposed method can solve this kind of practical industry problem successfully.
5. Conclusion

The method presented in this paper can provide a better way to design the process condensate reusing system and reduce the total annualized cost of the network obviously while satisfying the requirements of process and environment. This is because all of the process variables, such as the flow rates, the set of composition differences, the operating temperatures and pressures and the network of mass exchange, can be optimized simultaneously. The results demonstrate that the suggested method is feasible, practicable, and effective for this case.
Nomenclature
Symbols
G     flow rate of rich stream,  kg·hr-1
 f      the annualized cost,  ￥·a-1
g      flow rate of recycle component,  kg·hr-1
H     the height of packed column,  m
L      flow rate of lean stream,  kg·hr-1
N     number of stream or tray

x      the composition of component for each stage of lean stream, (mass fraction) 

y      the composition of component for each stage of rich stream, (mass fraction) 
ε     composition difference of component between rich and lean stream
Subscripts
i      rich stream number

j      lean stream number

p     the component number in stream

k     stage number
c     capital cost

o     operating cost
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