Computers and Chemical Engineering 84 (2016) 382-393

journal homepage: www.elsevier.com/locate/compchemeng

Contents lists available at ScienceDirect

Computers and Chemical Engineering

Computers
& Chemical
Engineering

A discrete-time scheduling model for continuous power-intensive
process networks with various power contracts

@ CrossMark

Qi Zhang?, Arul Sundaramoorthy®, Ignacio E. Grossmann®*, Jose M. Pinto®

a Center for Advanced Process Decision-making, Department of Chemical Engineering, Carnegie Mellon University, Pittsburgh, PA 15213, USA

b Praxair, Inc., Business and Supply Chain Optimization R&D, Tonawanda, NY 14150, USA

¢ Praxair, Inc., Business and Supply Chain Optimization R&D, Danbury, CT 06810, USA

ARTICLE INFO ABSTRACT

Article history:

Received 27 March 2015

Received in revised form

22 September 2015

Accepted 24 September 2015
Available online 30 September 2015

Increased volatility in electricity prices and new emerging demand side management opportunities call
for efficient tools for the optimal operation of power-intensive processes. In this work, a general discrete-
time model is proposed for the scheduling of power-intensive process networks with various power
contracts. The proposed model consists of a network of processes represented by Convex Region Surro-
gate models that are incorporated in a mode-based scheduling formulation, for which a block contract

model is considered that allows the modeling of a large variety of commonly used power contracts. The
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resulting mixed-integer linear programming model is applied to an illustrative example as well as to a
real-world industrial test case. The results demonstrate the model’s capability in representing the oper-
ational flexibility in a process network and different electricity pricing structures. Moreover, because of
its computational efficiency, the model holds much promise for its use in a real industrial setting.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

With deregulated electricity markets and increasing penetra-
tion of intermittent renewable energy into the electricity supply
mix, the level of uncertainty in the power grid has increased
tremendously. This has led to highly volatile electricity prices,
which pose immense challenges to power-intensive industries,
such as air separation, aluminum, and chlor-alkali manufacturing.
Demand side management (DSM), which refers to electric energy
management on the consumers’ side, has the potential of both sig-
nificantly reducing the electricity cost for the consumer as well as
improving the efficiency and reliability of the power grid.

Only in recent years, the high potential benefits of DSM for
the chemical processing industry have been acknowledged by
researchers and practitioners (Paulus and Borggrefe, 2011; Samad
and Kiliccote, 2012; Merkert et al., 2014). One main concept of
industrial DSM is to use the operational flexibility of the plant,
which consumes a large amount of power, to take advantage of
time-sensitive electricity prices (Charles River Associates, 2005;
Albadi and El-Saadany, 2008). This can be achieved, for example,
by shifting the production to low-price hours; however, load shif-
ting has to be well-considered since one still has to satisfy process
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constraints and meet product demand. The critical time component
in DSM calls for effective scheduling tools that consider the con-
straints on the production process as well as the price structures
and purchasing limitations for different power sources.

Production scheduling has been an active area of research in
process systems engineering (PSE) since the late 1970s. Since then,
much progress has been made in the modeling of both batch and
continuous scheduling problems as well as in the development
of efficient methods for solving these models. Numerous general
scheduling models have been proposed, many of which are based
on the concepts of state-task network (STN) (Kondili et al., 1993;
Shah et al., 1993) or resource-task network (RTN) (Pantelides,
1994). In this work, we focus on the specific case of continuous
power-intensive production processes. Hence, for recent general
reviews on the broad area of production scheduling in PSE, we refer
to Méndez et al. (2006), Maravelias (2012), and Harjunkoski et al.
(2014).

In recent years, scheduling frameworks for DSM have been pro-
posed for various industrial power-intensive processes such as
steelmaking (Ashok, 2006; Castro et al., 2013), electrolysis (Babu
and Ashok, 2008), cement production (Vujanic et al., 2012), and
air separation (lerapetritou et al., 2002; Karwan and Keblis, 2007;
Zhang et al., 2015a). In their comprehensive review, Zhang and
Grossmann (2015) present an overview of the advances made in
planning and scheduling for industrial DSM, and highlight future
challenges in this area. One of the main research opportunities
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