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Abstract: There is an apparent growing need and interest in developing courses that provide engineering students with interdisciplinary knowledge and skills. The electricity industry provides a case in point. The last two decades have seen world-wide efforts to restructure national electricity industries from traditionally government owned or highly regulated private monopolies towards more competitive, market-based institutional arrangements. Australia is no exception to these world-wide developments, and has been a leading exponent in some regards. Electricity industry restructuring has been underway for well over a decade and a National Electricity Market (NEM) now extends across all of Southern and Eastern Australia. The unique physical characteristics of electricity and electrical networks, supply and end-use equipment pose significant constraints on any commercial arrangements established for such markets. So does electricity’s role as an essential public good and driver of economic development which ensures high societal and hence government interest in the efficient and secure operation of the industry. Engineers have an important role to play in the design and operation of such interdisciplinary ‘designer’ markets that must attempt to bridge the gap between technical ‘engineering’ realities and conventional economic and commercial constructs, for an industry sitting within a challenging policy context. In this paper we outline some of our experiences over a decade of teaching undergraduate and post-graduate courses at the University of NSW in Power Systems Operation and Control, and Power Systems Planning and Economics. We describe how these courses are structured to place the relevant engineering knowledge within an interdisciplinary context, and their application of a modelling hierarchy from scientific, engineering, economic, commercial through to policy models. Finally, we consider how engineering students have managed to assimilate this material and highlight what we see as some of the key outstanding questions in teaching such courses.
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Introduction
Engineering was classically defined by Thomas Tredgold (1824) as ‘The art of directing the great Sources of Power in Nature for the use and convenience of Man.’ A more recent and detailed definition, adapted here from Wikipedia, is: 

The application of scientific and technical knowledge to solve human problems. Engineers use imagination, judgment and reasoning to apply science, technology, mathematics, socio-economic factors and practical experience in a systematic process of designing, creating and operating socio-technical systems to meet practical human needs.

The challenge for engineering education then is not only to provide scientific and technical knowledge and skills to our students, but also equip them to play their role in understanding and fulfilling human needs. The former is challenged by our ever growing scientific and technical knowledge and the resulting tension between training engineering generalists or specialists. How best to do the latter is the subject of intense and ongoing debate. 
There is a wide acceptance that many of the most important challenges for society are what can be termed ‘wicked problems’; that is, problems which are not well understood, whose stakeholders have different world views and different frames for understanding the problem, where constraints and resources to solve the problem change over time and when the problem is never completely solved (Conklin, 2003). It can be seen that many of these challenges are human and societal in nature. These problems pose great challenges for professions including engineering and it can be argued that their complexity creates an interdisciplinary necessity (Klein, 1996).  
There is less agreement, however, on how professional education can prepare students to help solve such problems. Most such education revolves around academic disciplines; that is, a body of knowledge characterised by an accepted content and learning. In medieval Europe, fields now known as engineering fell within what were known as the Mechanic Arts - the Seven Mechanical Arts, intended as a complement to the Seven Liberal Arts, were weaving, black-smithing, war, navigation, agriculture, hunting, medicine, agriculture, hunting, medicine and arts theatrica. Engineering achieved status as a separate discipline in academia during the 19th century along with sciences including physics. 

The emergence of different ‘application’ disciplines in engineering continues with growing our technical knowledge. Engineering’s relationship with other disciplines also continues to evolve, driven at least in part by those ‘wicked problems. 

Our interest in this paper is interdisciplinary academic collaboration in which specialists drawn from two or more academic disciplines work together in pursuit of common goals. To clarify the various terminologies, we term situations where people from two or more disciplines work together on a common problem, but without altering their disciplinary approaches or developing a common conceptual framework as multidisciplinary. Interdisciplinary efforts, however, occur when specialists from two or more disciplines pool their approaches and modify them so that they are better suited to the problem at hand (Wikipedia, 2006). 

These are not new issues for engineering education but there would seem to be considerable ongoing debate – can and should such skills be part of undergraduate or post-graduate training, or learnt on the job; should the focus be on preparing engineers to work with other disciplines, having students proficient in a number of disciplines or, instead, better able to appreciate the different perspectives disciplines bring in understanding and solving problems. Aspects of such efforts are seen in engineering education through the growing interest by students in combining engineering with other studies, and moves to more problem based learning, multi-disciplinary project teams and team teaching. 

It is widely agreed that most engineering education currently better appreciates and discharges its role in technical and scientific knowledge and expertise than in equipping students to help fulfill the discipline’s obligations to meet societal needs. For example, the Institution of Engineers Australia which accredits engineering education in Australia specifies that a typical four year professional engineering program should have the following elements (Engineers Australia, 2005): Maths, science, engineering principles skills and tools (40% or more of course content) and Engineering discipline specialization (20%). Exposure to the ‘wicked problems’ of engineering and their social context, to the extent it occurs, will fall within the general areas of Engineering design and projects (a recommended 20% of course content), Integrated exposure to professional engineering practice including management and professional ethics (10%) or Other elective studies (10%).
This may be changing and there seems to be a growing recognition of value of greater interdisciplinary learning in engineering degrees – see for example the National Academy of Engineering’s (2005) report on Educating the Engineer of 2020: Adapting Engineering Education to the New Century.  

In this paper we outline some of our experiences over a decade of teaching interdisciplinary undergraduate and post-graduate courses at the University of NSW in Power Systems Operation and Control, and Power Systems Planning and Economics. 
We first describe the world-wide efforts over the last two decades to restructure national electricity industries from traditionally government owned or highly regulated private monopolies towards more competitive, market-based institutional arrangements. This restructuring has raised many challenging interdisciplinary problems. First, the unique physical characteristics of electricity, supply and end-use equipment and networks pose significant constraints on any commercial arrangements established for such markets. Secondly, electricity’s role as an essential public good and driver of economic development ensures high societal interest in the efficient and secure operation of the industry. 
Engineers have an important role to play in the design and operation of such interdisciplinary ‘designer’ markets that must attempt to bridge the gap between technical ‘engineering’ realities and conventional economic and commercial constructs, for an industry sitting within a challenging policy context. 
We then consider the Australian context and the role its power engineers must play. Australia is no exception to world-wide restructuring efforts, and has been a leading exponent in some regards. This leads into a discussion of two courses within the School of Electrical Engineer-ing and Telecommunications at UNSW intended to provide under-graduate and post-graduate students appropriate interdisciplinary knowledge and skills in power system operation, control, planning and economics within Australia’s restructured electricity industry context. 
Finally, we consider how engineering students have managed to assimilate this material and highlight what we see as some of the key outstanding questions in teaching such courses.
Electricity Industry Restructuring

Electricity is a high quality, secondary energy form that is relatively expensive to provide but flexible to transport and use. The electricity industry plays a vital role in modern societies in the provision of a range of essential as well as desirable energy services including lighting, heating and cooling, communications and motive power. 

Electricity has some specific physical properties that largely determine the characteristics of power systems that physically provide electricity to end users. These characteristics include the lack of cost-effective storage for electricity and its instantaneous transmission and distribution between all generators and all consumers according to network laws. This requires that supply and demand balance physically at all times. 
In managing power systems, the effectively ‘essential’ and ‘natural monopoly’ characteristics of traditional electricity network  infrastructure, the need to ensure continuous supply/demand balance and economies of scale on conventional generating plant saw most electricity industries around the world develop as vertically integrated state-owned or highly regulated private monopolies. In this context power system operation and planning were typically taken to be largely engineering, control and engineering economics problems. 

This approach came under increasing pressure in the 1980s in many parts of the world. Many mature electricity industries were seen to have poor productivity, be difficult to regulate and reluctant to embrace technical change (Outhred, 2003). A changing political context towards micro-economic reform, challenging conditions for central planning and new technology options combined with improved theoretical understandings and a theory of electricity spot pricing from 1979 to drive world-wide efforts towards electricity industry restructuring.  
The desired outcomes of more competitive market based industry arrangements include improved economic efficiency by introducing competition and facilitating new entry, enhanced accountability to end-users and society through ‘customer choice’ and the release government funds by asset sales:
There are, however, key challenges for restructured electricity industries including:

· physical complexity in terms of the shared, non-storable, time-varying and uncertain electrical energy flows that pass through the network according to the behaviour of all network elements, generators and loads; this means a shared responsibility for location-specific availability and quantity,

· commercial complexity that arises because electricity markets are inherently incomplete while the industry is infused with short- to long-term risks that are difficult to commercialise (correctly allocate to industry participants) and 
· institutional and societal complexity because of all the shared issues in planning, grid connection, network operation and management of power system security; as well as the industry’s role in societal welfare and significant environmental externalities. These mean that electricity industries will always involve a mix of centralised (government/system operator) as well as decentralized (commercial) decision making.

In Australia, electricity industry restructuring began with the Federal micro-economic reform agenda in the early 1990s. This saw a number of states corporatise their state-owned electricity utilities and establish limited state-based markets. A National Electricity Market (NEM) extending across South Eastern Australia commenced in 2000. The market continues to evolve under a combined Federal and State Ministerial Council on Energy (MCE) process.
Teaching power system operation and planning in a restructured electricity industry context 
Many schools of electrical engineering have featured courses on power system operation and control and, to perhaps a lesser extent, planning and economics for decades. The University of NSW is no exception. Several academics there began to play leading roles in research into electricity industry restructuring beginning in the 1980s, and this has continued to be an area of research strength.  
This research effort has been seen, most recently, in the establishment of a UNSW research Centre for Energy and Environmental Markets (CEEM).  In common with many other universities, the University of New South Wales establishes Research Centres where a emerging area of research strength has an interdisciplinary/multidisciplinary focus that doesn’t sit within a single school (UNSW, 2005). CEEM was established to formalise growing shared research interests and interactions between UNSW researchers in the Faculties of Engineering, Commerce and Economics, Arts and Social Sciences as well as the Australian Graduate School of Management through collaborative grants, student co-supervision and teaching. CEEM aims to provide Australian research leadership in the interdisciplinary design, analysis and performance monitoring of energy and environmental markets, and their associated policy frameworks. 

When these courses began to be taught, well over a decade ago, their focus was largely on conventional engineering approaches to power system operation and control, and planning and economics. This can be seen in the formal course names – Power System Operation and Control and Power System Planning and Economics rather than names that better reflect their focus now on the broader context of the electricity industry. 

Representing different perspectives of the electricity industry

Now, both courses are structured around a layered model of the industry (figure 1) that incorporates scientific, engineering, economic and commercial models in the context of societal priorities as reflected in government policy, and the vital role of ancillary services. In this framework, engineering models range from the technical (for example, balanced three-phase sinusoidal voltages and currents) to integrated engineering economic (for example, cost functions for generating plant). The economic models provide insight into industry objectives of maximising the industry benefits of trade while the commercial models include market design to elicit economically efficient behaviour. Ancillary services play a vital role in managing the inevitable mismatches between the commercial models and physical reality – for example, as reflected in the typically centralised management of power system contingencies. The policy and regulatory framework for the industry sets and implements societal objectives

This framework highlights the key role of engineering knowledge in a restructured industry. Engineering models describe the physical realities of electricity and electrical equipment which necessarily constrain commercial arrangements; for example, in the shorter-term where supply/demand balance must be maintained at all times, and in the longer term where resource adequacy is a key policy concern and the reliability of plant and lead-times for new build are key issues. Figure 2 demonstrates aspects of this interaction for the example of the Australian NEM. 
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Figure 1: A possible hierarchy of models for describing and analysing a restructured electricity industry 
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Figure 2: The interaction between centralised (engineering in the short-term, resource adequacy and other policy issues in the longer term) and decentralised (commercial) decision making over the time horizon of electricity industry operation and planning, for the example of the Australian NEM. 

Applying time decomposition

Conventional engineering approaches to power system operation and planning provides two further key concepts in the chosen structure of these two courses. One is time decomposition to break the problem into a series of simpler problems attempting to optimise operation at particular time scales. For example, the common engineering methodology for power system operation and control, as outlined in the classic text Wood and Wollenberg (1996), applies time decomposition to break the operational problem into very short-term continuous voltage and frequency control including contingencies (seconds to minutes), economic dispatch (minutes to hours), unit commitment (hours to days) and scheduling (days to months). 
In this framework, operational decision making focuses on meeting industry objectives with existing equipment while planning covers investment in new plant but also possible changes to institutional arrangements and market design itself –decision making that typically has a framework of a year or more.  This is the chosen division between our two courses – decision making at scales of generally less, or generally more than one year.
Linking optimal control and price theory

The other key concept arises from the links between engineering based optimal control and pricing theory. Engineering has an interesting relationship with economics – particularly micro-economics which focuses on the economic behaviour of individual consumers, firms and industries. Links can be seen in the area of engineering economics, the importance of economic constraints in engineering design, general systems theory as well as the role of optimal control theory in economic models of decision making (Sethi, 2000).

Power system operation and planning can be described as a centralised engineering optimisation problem. Given a complete inventory of all existing and potential supply and demand side electrical equipment including technical performance, operating and capital costs and derived industry benefits and operating constraints; and uncertainties in all of these

then calculate an operating and investment strategy to maximise Industry Benefits of Trade by solving a stochastic non-linear dynamic optimisation problem for all operating and investment decisions
Electricity pricing theory (Schweppe, 1988) demonstrates that optimal prices in a decentralised (commercial) industry are those that achieve the same IBOT and are the incremental cost or loss of benefit of delivering an additional unit of energy at a particular location. This is the standard SRMC definition if there are no inter-temporal links. Given that the electricity industry has many such links, it is necessary to consider future decision options based on the best available forecast of future prices, including impacts of a specific decision on these price forecasts. 
The economic decentralised (commercial) optimisation problem can then be solved by a spot market where energy that meets ‘quality of supply’ criteria is traded at spot prices in successive short spot market intervals; financial instruments (derivatives) related to future spot market prices and ancillary services that maintain quality of supply

A practical implementation of electricity industry restructuring needs to incorporate aspects of both perspectives and generally will involve: 
· a wholesale spot market for large generators, retailers and consumers trading energy that meets ‘quality of supply’ criteria and includes some network representation,

· derivative markets for wholesale market participants that convey expectations of future spot market behaviour and allow risk management
· retail spot and forward markets for small consumers and distributed resources,
· ancillary services (wholesale & retail) that involve hybrid engineering and commercial arrangements

· Residual network services under a regulated access regime, administered network pricing and limited competition in some aspects
All of this needs to sit within a wide policy context representing societal priorities including environmental and energy security concerns. 
Course structure

In our courses we present both the engineering and economic optimisation perspectives and synthesise them to describe a possible practical implementation of electricity markets as shown in figure 3. The Australian NEM adopts a model for electricity trading in restructured electricity industries based largely on the above and therefore provides a useful case study throughout both courses.

Specifically, the outline of our Power Systems Operation and Control course is structured around the conventional time decomposition used in power engineering but presents both centralized and decentralized perspectives on each. It also includes emerging issues such as intermittent generation and the management of major contingencies.
The Power System Planning and Economics course takes a broader perspective, including:

· Physical, engineering, economic, commercial and regulatory perspectives on the electricity industry

· Objectives and options for restructuring

· Centralised and decentralised decision making frameworks – Techniques for integrated resource planning, price setting, 

· Market prices and financial instruments –  insights from electricity pricing theory

· Australia’s restructured electricity industry. National Electricity Market design: Australia’s National Electricity Market performance and international comparisons

· Network services and investment

· Retail market design and end-use decision making in the electricity industry

· Sustainable energy futures – climate change, the role of technology assessment

· Assessing the adequacy of industry restructuring – energy security, new renewables.
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Figure 3: Centralised engineering and decentralised (commercial) economic optimisation perspectives, together, provide an outline of possible practical implementations of competitive electricity industry restructuring. 

Conclusions
The courses outlined above have been running for over a decade while steadily evolving as electricity industry restructuring worldwide, and particularly here in Australia, has continued to progress. 

We have been encouraged by the ability many of our undergraduate and postgraduate engineering students to assimilate the different perspectives that other disciplines bring to the issue of electricity industry restructuring. This is particularly the case for microeconomics where students appear comfortable with the mathematical modelling, decentralised control and optimisation framework that it offers. Societal and policy perspectives certainly prove more challenging. 

We also offer variations of these course structures and materials in the Electricity Industry short courses that we have also offered over the last decade. These courses are for industry professionals from a variety of background disciplines. More recently, we have started to see a small number of post-graduate students from other Engineering Schools and other UNSW Faculties join our University courses, and we will be interested to see how this progresses.

In our view, electricity industry restructuring is an informative area to explore inter-disciplinary engineering education. The industry is evolving from what was previously the engineering based management of monopoly utilities towards more competitive, market-based arrangements which must somehow draw together engineering realities with new commercial imperatives. 

Our experience to date with the courses outlined in this paper highlights some key issues with ‘interdisciplinary’ education for engineering students including:

· The challenges of teaching such courses. We bring expertise from a decade or more of interdisciplinary research to this teaching task but haven’t directly involved lecturers from other disciplines. 
· The widely different competencies we see in our engineering students in understanding societal and hence government policy issues, in contrast with their technical knowledge and skills

· The appropriate balance between interdisciplinary study in undergraduate, postgraduate and professional training. Our experience would suggest there can be a useful role for such study at both the undergraduate and postgraduate level. 
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