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Abstract

In this contribution a novel investment planning model for the development of stepwise capacity expansion strategies for chemical plants is proposed. This method is implemented in a decision support tool that can be used during the early stage of plant engineering - a phase which is concerned with the conversion of a chemical process into a highly profitable plant. Based on a previous work by Oldenburg et al. [1], who proposed a method for a quick economic comparison of possible stepwise plant expansion scenarios versus building a full capacity plant, the approach presented in this paper is capable of identifying the optimal process-specific investment strategy on the level of unit operations. A mixed-integer linear programming model dedicated for stepwise capacity expansion strategies for chemical process plants forms the core of the tool. 
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1. Introduction
One important decision to be taken in the course of investment projects for new chemical productions plants is the production capacity, for which the plant should be designed. In most cases, this decision is based on (often uncertain) marketing forecasts.

From an economical point of view, it is paramount to meet the predicted sales amount with the plant capacity rather than having significant over- or under-capacities. Typically, the product demand is expected to grow in the future. However, the wider the time horizon is set for the forecast the less reliable the forecast becomes. In this context, it would be desirable to determine the optimal initial production capacity followed by an optimal sequence of future expansion steps in order to accommodate the product demand without unprofitable overcapacities. Such an approach is certainly more complex and requires taking future measures well into account during the planning phase. Even then, it is by no means certain, whether a stepwise expansion is economically more attractive. Due to those and several other reasons, it is common practice to install the largest possible capacity already at the beginning of the process life cycle, which we will term the “conventional strategy” in the following. To face the aforementioned challenge, Oldenburg et al. [1] proposed a method which enables a quick comparison of possible stepwise plant expansion scenarios versus building a full capacity plant. However, this method is not able to deliver a specific expansion strategy in detail, e.g. which piece of equipment has to be installed with which capacity at what time. 
For this purpose, an investment planning model for the identification of the economically most attractive investment strategy incorporating independent expansions of process units is addressed in this contribution. We propose an optimization approach using an investment planning model. It determines an optimal investment strategy by minimizing the investment costs including depreciation and discounting. The decision variables for the optimization are the dimensions of the installed equipment as well as the time points of installation and/or expansion. Due to the discrete-continuous nature of the problem, a linear mixed-integer formulation (MILP) is used for this purpose. The proposed method may be categorized as a multi-period investment model.
The remainder of this paper is organized as follows: Section 2 relates our model to well known approaches based on multi-period investment models proposed in the literature. In Section 3, our investment planning model is introduced while in Section 4 the investment planning strategy of a generic process is presented as a case-study. Section 5 gives a discussion on the results of the case study. Finally, in Section 6 our findings are summarized.
2. Related Multi-Period Investment Models
The proposed optimization approach falls into the category of multi-period investment models. Various related approaches can be found in the literature, (e.g. [2], [3]), including MILP optimization for long range investment planning. Some authors also consider stochastic elements to cover the potential uncertainties, which, however, is beyond the scope of this paper.
The suggested investment model adopts the multiperiod MILP problem proposed by Sahinidis et al. (1989), which was originally intended to describe large sites consisting of many interconnecting processes producing many chemicals (cf. Fig. 1). For this reason, all process units employed in such a process are assumed to obey identical investment strategies. 
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Fig. 1: Schematic depiction of  the multi-period investment problem as proposed by Sahinidis et al. (1989)
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Fig. 2: Schematic depiction of the investment planning model as proposed in this work
Our approach, in turn, can be considered as a process synthesis problem (simplified by linearization) with an additional time dimension, which, to the authors’ knowledge, has not yet been addressed on the level of detail down to unit operations and single pieces of equipment (cf. Fig. 2). Aiming at a stepwise capacity expansion, this is important though, since processes typically consist of a broad range of equipment with different operating ranges and size factors, requiring adapted expansions for different parts of the plant. The main issue of this contribution is the specific capacity expansion timing and sizing for each process unit in order to cope with particular investment strategies required for different chemical process units. Therefore, the MILP problem formulation of the investment planning model adds various additional constraints to fulfill the specific requirements as described in the subsequent section. 
3. Investment Planning Model 

First of all, some requirements are stated: the specific problem that is addressed in this paper assumes that a network of process units and a set of chemicals are given. Ideally, this network is based on a stationary process flow diagram and thus all mass fluxes, design temperatures and design pressures are known. Also given are forecasts for the demands of products as well as the investment costs over a finite number of time periods within a long range planning horizon. Furthermore, it is assumed that the availability of raw materials and the demand of products are always fulfilled.

In the following the investment planning model is described. The process units are connected by material streams, which include raw materials, intermediates and products. It is assumed that all required units in the process may be represented by one or more of the following three types of model units with respect to the mass balance (cf. Fig. 2): Type (1) represents the function of a reactor. This means that a different set of chemicals may enter and leave the unit due to a physico-chemical conversion. Moreover, it is assumed that material balances for raw materials and by-products can be expressed in terms of linear ratios to the production of the main product. Type (2) describes the function of a separation unit. By means of splitting factors, determined previously in the process simulation, a selective separation is modeled. The same set of incoming and outgoing chemicals is compulsory. Finally, type (3) represents the function of mixing, which is particularly of interest for recycle streams and the union of different partial processes. Again, the set of incoming and outgoing chemicals has to be identical.

Either dedicated processes for single product or flexible processes can be modeled, which may operate in either a continuous or batch mode. Process flexibility is realized by a set of alternative production schemes producing different chemicals on identical process units. The process capacity for dedicated processes is determined by the set of process units that are required for a specific production scheme. For flexible processes, the capacity of a process unit has to accommodate for each production scheme. A capacity expansion can be accomplished by either adding parallel equipment or replacement of insufficient equipment. For flexible processes a capacity adaptation due to product change is guaranteed. Technical limitations are fulfilled by means of operating range constraints. Also, technical limits on capacity expansion timing and sizing as well as lead times for the installation can be specified. Generally, it is assumed that the process unit capacity can be expressed linearly depending on the sum of overall material flow leaving the process unit production scheme. Because plant extensions imply temporary shutdowns, constraints are added to guarantee a minimum of downtimes through combined capacity extensions. The objective function minimizes the investment costs over the given horizon and consists of the terms: 1) discounted linearized invest cost of all pieces of  equipment, 2) additional costs, e.g. lack of production due to downtimes, and 3) cost savings due to depreciation related tax savings. Linear models are assumed for the mass balances. The cost relation during an early project phase can be nicely captured by a power function that is frequently applied for rough equipment cost estimations:
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Based on a known cost C1 of an investment of capacity Q1 and so-called capacity exponent CEX, the cost C2 of a new capacity Q2 can be calculated using Eq. (1). Since the cost function is nonlinear, a piecewise linear approximation, e.g. the one proposed by Croxton et al. [4], of the cost function has to be applied leading to an overall linear model. The time horizon is divided into 1 year time periods. 

4. Case Study

The case study deals with a dedicated process, shown in Fig. 3, to which the investment planning model is applied. The process consists of ten process units including distillation and absorption columns, compressor, pump, heat exchanger and a reactor. 
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Fig. 3: Example process considered for the stepwise capacity expansion
The catalytic reactions take place in the reactor assuming catalyst deactivation. The reaction states that the raw material and a reactant yield the main product. Additionally, a side reaction from raw material to an undesired by-product is considered by conversion of the reactant. Additionally, a second reaction involving the product and the absorbent in the product desorber is assumed to take place, which yields a valuable by-product. 

Each operation unit capacity is assumed to be designable within an upper and lower boundary to accommodate for any considered production rate. The product demand forecasts are given for a ten year horizon. The costs are represented by power functions which vary in terms of capacity exponents and hence different investment decisions for the process units are expected. The capacity exponents (c.f. Table 1) for the cost functions are taken from Peters and Timmerhaus [5]. For the piecewise linear approximation of the cost function, two time intervals are considered as default. Due to maximum capacity restrictions, the overall capacity of the reactor and the product absorption unit is achieved by an installation of at least three parallel reactors and two parallel absorption units comprising the same capacity. 

	Equipment
	Reactor
	Column
	Heat exchanger
	Compressor
	Pump

	Capacity exponent
	0.65
	0.6
	0.44
	0.69
	0.34


Table 1: Values for capacity exponents for selected pieces of equipment

Due to technical/physical limitations, the range of operation of the compressor and the heat exchanger must be within 60%-100% and 80%-100% of the installed capacity, respectively. The capacity expansion can take place either in terms of a parallel installation of identical equipment, or a replacement of equipment accommodating the complete required capacity. In the case study only the compressor is assumed to be of the latter type. Furthermore, a lead time of two years is assumed for each expansion. Expansions of several pieces of equipment are integrated into one simultaneous expansion step. Due to the deactivation of the catalyst, a complete shut down of the process is assumed to take place every two years. The required capacity expansion can be carried out in the period of shut down to minimize the loss of production yield. Hence, any losses of production yields are neglected in this example process.

5. Results & Discussion

Based on the data mentioned in the previous section, the MILP model has been formulated. Due to the lack of space a thorough discussion of the model equation is impossible. The model has been solved applying the MILP solver SYMPHONY [6]. For the product demand an initial 35% of the total product demand achieved in the tenth year was assumed with a linear progression. This product demand forecast was used for the conventional alternative and the stepwise capacity expansion.
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Fig. 4: Installed capacity sequence according to the conventional investment strategy
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Fig. 5: Installed capacity sequence according to the stepwise capacity investment strategy

Figs. 4 and 5 show the result of the two investment alternatives. The sequence of the installed capacity over the given time horizon for the specific process units are each identified to the left of the diagram and the product demand forecast is located to the right of the respective diagram. Within the diagram one bar represents the investment sequence of one piece of equipment. The differences observed between the two alternatives may be summarized as follows: Equipment with a wide operational range, e.g. a column, is not affected by the stepwise capacity expansions at all, except for the units which were primarily intended on multiple unit installation with restricted capacities. However, for units which have a narrow operating range, the optimal investment strategy is achieved by stepwise capacity expansions. Hence, depending on the characteristics of the product demand a completely different optimal investment strategy for such equipment may arise. The overall discounted investment costs for the alternative are shown in Fig. 6. It demonstrates the significant reduction of investment costs, of about 7 % in total, when applying the stepwise capacity expansions.
The major part of the cost reduction is achieved by the postponed installation of the third reactor and the second absorption unit. An experienced engineer may have achieved the obvious cost reduction by splitting the installation of the reactors and the absorption unit as well. However, there still exists a cost reduction due to the rigorous optimal timing and sizing which can be shown exemplarily for the heat exchanger and condenser capacity expansion. The comparison of cost resulting by either of the investment strategies for the heat exchanger and the condenser is given in Fig. 7. A total cost reduction of about 3.5 % in favor of the stepwise capacity expansion is achieved.
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Fig. 6: Comparison of overall discounted investment costs
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Fig. 7: Comparison of heat exchanger and condenser investment cost
6. Conclusions

A novel investment planning model for chemical plants has been proposed, which aims at stepwise capacity expansions. It provides the proper timing and sizing of the process units in order to minimize unprofitable overcapacities. That way, economically attractive alternatives compared to conventional investment planning can be offered already at an early stage of planning. Alternatively, it can be proven that the conventional planning, namely installing the full capacity at once, is the most attractive option for the considered case. The method is based on an extension of established multi-period investment models (MILP) and thus provides the minimal discounted investment costs for each process unit in the considered process. 
For our case study, it has been shown that the investment strategy of operation units with a wide operating range does not significantly vary for the conventional and the stepwise investment planning. However, for units with a narrow operation range, a significant investment cost reduction due to the proper timing and sizing of the unit installation was achieved.
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