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Abstract

A systematic methodology for driver and power plant selection for low temperature processes has been developed, using a MILP optimisation framework, which generates the optimal number, type, size and model of the main drivers, helper motors/ generators and power plants, as well as the compressor stage arrangement. New synthesis methodology allows a more comprehensive exploitation of the trade-offs when steam-based utility network is simultaneously designed with power-dominated systems. Economic and design implications from the introduction of decarbonisation has been also investigated. Industrial case study is presented to demonstrate the significant improvements made by new design method.
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1. Introduction
Intelligent application of process system engineering has gained more attentions in the design of power systems recently because of high energy price as well as greenhouse gas emission. The current study focuses on the application of system engineering to the power-dominated energy systems, in order to achieve high thermodynamic efficiency and sustainable use of fuels. Power-dominated energy systems shows different characteristic, compared to conventional steam-based energy systems, as the provision of shaft (driver) power is more important in the design of utility systems, while conventional utility systems focuses on about how to produce and utilize the steam in a steam distribution network (Varbanov et al, 2004). For example, natural gas liquefaction plant requires several mechanical demands for compressors in refrigeration systems. 
For such power-dominated processes, a key decision in the design is to select most appropriate driver to satisfy mechanical shaft demands. The design task is very challenging, as there are many driver options for power supply and electricity generation, which leads to a very complex and combinatorial decision-making (Figure 1). The decision on driver selection is to determine optimal number, type and size of the drivers, helper motors/ generators and power plants, subject to a set of mechanical and electricity demands and economic scenarios. Holistic approach is required to deal with design interaction in power systems as the driver selection has different implications in the overall design (i.e. overall cost, fuel consumption, performance, plant availability, carbon emissions, etc).  
The complexity for the synthesis significantly increases when steam systems are to be considered together with power-dominated systems (Figure 2). This is the case where large amount of heat (steam) is required in processes or a steam turbine, as a direct driver, is preferred to gas turbine or electric motor.  The steam-based utility system is often employed to generate and distribute steam to the end-users, as well as to utilize steam for power supply or electricity generation by expansion of steam between headers in the steam network. Most of existing works (Wilkendorf et al., 1998; Maréchal and Kalitvenzeff, 1998; Bruno et al., 1998) often focuses on the optimization of steam or utility systems without fully investigating the arrangement of equipment for driver.
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Figure 1. Driver Selection in Energy Systems
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Figure 2. Interactions between steam systems and power systems

The separation of carbon dioxide from flue gas (e.g. gas turbine exhaust) is required to regulate the quality of gas emitted to the environment, and an absorption-based post-combustion decarbonisation is considered in this study (Figure 3). When this capture process is implemented to the plant, there are two major impacts from the viewpoint of energy supply. First, additional compression duty is required for CO2 separated from the decarbonisation, and second, considerable amount of steam is needed in the operation of stripper. The additional steam and power requirements should be considered during the design of power and steam systems, as overall thermodynamic efficiency could be improved if this heating and power demand could be integrated in the power system design. However, previous studies (Del Nogal et al., 2005; 2006) have not reflected decarbonisation in the design stage, and therefore, in this study, the integrated design methodology will be developed for heat-integrated power systems, subject to decarbonisation. 
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Figure 3. Absorption-based CO2 capture

2. Synthesis and Optimization
The synthesis for the power-dominated energy systems is envisaged with the aid of superstructure-based mathematical optimization. The proposed superstructure (shown in Figure 4) includes all the possible design options, and the optimization is carried out to systematically screen and evaluate potential flowsheets, and perform economic trade-off between capital and operating cost.
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Figure 4. Superstructure for Energy Systems in Low Temperature Processes

For building superstructure, all the potential direct drivers (i.e. gas turbine, electric motor, steam turbine) are linked to mechanical demand, while process electricity demand is fulfilled either power plant or generation from steam turbine. For gas turbine for direct drive, helper motor or generator is attached for power balance; HRSG is attached for steam production. The steam required at site (i.e. process steam demand) or for electricity generation in steam turbine, is generated from boilers or HRSGs. For steam distribution systems, four steam headers are considered and multiple-passout steam turbines are interconnected to headers. 
The objective for the optimization is to minimize the overall cost (i.e. capital and operating cost), with the considering model constraints:
· energy/material balances
· choice of driver and electricity generation
· maximum/minimum size
· compressor stage arrangement
· logic constraints, and
· mass/energy balances for decarbonisation.
The problem is formulated with MILP (mixed integer linear programming), with using piecewise linearization in capital costing. The optimization was carried out using the CPLEX 7.0 solver in GAMS (Brooke et al., 1998). 
3. Case study

The developed design and optimization method is applied to the case study in which 157.8MW of mechanical shaftpower in overall is demanded together with process electricity and steam demands (Table 1).  The base case is identified by optimizing the decomposed sub-optimization problems sequentially. The power system is first optimized without considering steam systems and carbon capture, and then the steam system is optimized to accommodate steam demand from process and carbon capture, as well as shaftpower demand for CO2 compression. 
	Shaftpower demand

	compressor
	stage
	demand (MW)

	C1
	S1
	2.5

	
	S2
	7.0

	
	S3
	12.4

	
	S4
	32.3

	C2
	S1
	57.6

	
	S2
	18.7

	
	S3
	27.3

	Electricity demand = 42.6 MW

 (Power expert and import is not allowed.)

	Process steam demand

	MP
	34.2 t/h
	15 bar / 280 oC

	LP
	26.3 t/h
	3 bar / 140 oC

	Fresh fuel cost: 6 $/MMBTU


Table 1. Data for Case Study

Figure 5 shows the result from non-integrated sequential optimization, in which three gas turbines are combined with helper motor or generator to meet the mechanical demand, and one power plant is introduced to supply electricity demand. The steam system is configured to accommodate the compressor duty and low pressure steam demand from decarbonisation. All the exhaust gases from gas turbines are further utilized in HRSG with/without supplementary firing, which produces HP steam.
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Figure 5. Case study: design from a sequential optimization
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Figure 6. Case Study: Optimal design from new design

The integrated optimization for decarbonised power and steam systems is presented in Figure 6, where three gas turbines in power systems and one steam turbine in steam systems are employed as direct drivers, and another steam turbine is introduced to supplement the electricity demand. Due to an integrated design, mechanical demand for CO2 compression is allocated to gas turbine, compared to the non-integrated design. The overall cost is 1614 MM$ with 27 MM $ saving.
4. Summary

The synthesis of power-dominated energy systems has been studied, and complex design interactions and combinatorial driver selections are systematically explored with the aid of superstructure-based optimization. The integrated design between power systems and steam systems, together with CO2 capture process, has been implemented in the developed methodology, which provides synergetic benefits from the simultaneous consideration in steam systems for the power-dominated plant.  
Nomenclature
	BO
	Boiler
	HM
	Helper motor

	CC
	Compressor for carbon capture
	HP
	High pressure

	CON
	Condensate
	HRSG
	Heat recovery steam generator

	C1…N
	Shaftpower demand (1,2,….N)
	LP
	Low pressure

	DR
	Driver
	MP
	Medium pressure

	EG
	Electricity generator
	PP
	Power plant

	EM
	Electric motor
	SF
	Supplementary firing

	ExE
	External electricity grid
	ST
	Steam turbine

	GT
	Gas turbine
	VHP
	Very high pressure

	HG
	Helper generator
	1,2..N
	Number of units
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