of NORTH CAROLINA

L1 at CHAPEL HILL
GLOBAL

COLLEGE OF ARTS & SCIENCES

STUDY ABROAD OFFICE

FedEx GLOBAL EDUCATION CENTER T919.962-7002
CAMPUS BOX 3130 F 919.962-2262
CHAPEL HILL, NC 27599-3130 studyabroad.ume.edu

September 1, 2012

Administrative Board of the College of Arts & Sciences
Office of General Education

CB #3510

300 Steele Building

UNC-CH

Dear Colleagues:

Energy Tomorrow: An Engineering and Management Perspective

UNC-CH’s Department of Physics and Astronomy, Curriculum for the Environment and
Ecology, the Institute for the Environment, and the Study Abroad Office are submitting a
proposal to seck approval for “Energy Tomorrow: An Engineering and Management
Perspective,” a summer study abroad course offered by the University of New South Wales

(UNSW).
Rationale:

UNSW, located in Sydney, Australia, was established in 1949. UNSW is a member of the
prestigious Australian Group of Eight (a group of leading research-intensive universities) and is
renowned for Engineering, Science, Business, Design, and Law.

UNC-CH and UNSW established an undergraduate student exchange program in 1997 and have
consistently exchanged an average of four students per semester. UNC-CH students also have
the opportunity to study at UNSW as “non-exchange” students (and so paying UNSW tuition)
for a semester or year.

In addition to these semester-long direct enrollment opportunities, UNSW has offered a number
of programs for international students in the months of June and July for the past 15 years.
“Energy Tomorrow: An Engineering and Management Perspective” is one of the six programs
that make up the current UNSW Study Abroad Summer School (understood to refer to the
northern hemisphere summer!). We seek approval for this program in order to meet the demand
for energy-related classes beyond what is offered at UNC-CH.

Program Content:

“Energy Tomorrow” is a five-week program that explores energy and sustainability, with a focus
on new developments in lower-emission fossil fuels, energy efficiency, renewable energy
technologies, and nuclear power. The program is comprised of a combination of lectures,
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tutorials, laboratory work, demonstrations, site visits, computer simulations, assignments and
discussion periods.

The program commences in Darwin with an orientation, several class sessions, and excursions.
The program then spends three days in Melbourne for visits to a number of academically
relevant sites. During weeks three and four, the program is based at the UNSW campus in
Sydney for more class sessions and relevant excursions. Week five is in Cairns for the final
section of the course and a field excursion to a renewable energy site.

Students are enrolled in ELEC0390, a UNSW course taught by UNSW lecturers and managed by
the UNSW Global Education Office. Upon completion of the program, students receive a
UNSW transcript and can earn six hours of transfer credit at UNC-CH provided they earn the
equivalent of a C or better.

Contact hours include 53 hours in classroom-based lectures and 57 hours on academically related
excursions with on-site lectures and discussions. The UNC-CH Study Abroad Office’s
calculation for contact hours allows inclusion of hours in the classroom and hours spent on
related excursions provided the excursion includes academic lectures and discussions and
provided the students are assessed on the material covered on the excursion. With this
calculation, contact hours total 110, which exceeds the required 90 hours for six credits at UNC-
CH. Additionally, the program offers optional social and cultural activities designed to introduce
students to life in Australia in their free time.

Frequent question sets, a 13-18 page essay, a presentation, and a comprehensive final exam
assess students on material covered in class, on excursions, and through independent research.

Attached is a course syllabus from the 2012 program that provides more details.

Enrollment:

The program enrolls between 20-30 participants, and enrollment is capped at 32 to ensure
appropriate student participation and a hands-on approach to learning. UNSW requires that
applicants are enrolled in a recognized higher education institution and have a minimum
cumulative GPA of 2.8.

On-site logistics:
UNSW faculty and staff will provide support to participants for the duration of the program.

The program fee includes tuition, accommodation, excursion costs, airport shuttle services,
orientation programs, USB modem hire, a UNSW student card allowing access to all UNSW
facilities, all meals when camping in Kakadu National Park, breakfast in Cairns, and breakfast
and lunch in Sydney.

Students will be housed in a variety of accommodation styles when travelling, including shared,
budget-style accommodation, one night camping, single dorm rooms, and shared hotel rooms.




Safety:

Australia is a modern nation with a standard of living and level of medical care on par with US
standards.

The UNSW Global Education Office reviews and ensures safety and security measures for the
program and is available 24/7 to respond to emergencies. The following are components of the
UNSW safety and security measures: The “Critical Incident Pathway” dictates the
communication and action taken in emergency situations. Risk assessments are conducted prior
to all excursions and field trips related to the program. And students are provided with
emergency contact details for all program locations.

Students have access to medical facilities at all destinations throughout the program. UNSW
distributes details of each city’s medical center and major hospital to the students. While
camping in Kakadu National Park, all program guides have access to satellite phones and can be
in contact with the major hospital in Darwin in an emergency. There is an aerial access point
and Medical Center in the main township Jabiru in the park.

Additionally, the UNC-CH Study Abroad Office will enroll all UNC-CH student participants in
full medical and accident international insurance through HTH Worldwide for the duration of the

program.

We are happy to provide any further information that you may need to evaluate this proposal.

Yours sincerely,

o~ §/24/ 212
%ﬁis Clemens Date
Chair: Department of Physics and

Astronomy
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Associate Dean: Study Abroad
and International Exchanges
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Course Syllabus

COurseSleabus

Energy Tomorrow: An Engineering and Management

Perspective

Course Cede: ELEC 0390

This five-week course for engineering students explores energy and sustainability,
with a focus on new developments in lower-emission fossil fuels, energy efficiency,
renewable energy technologies and nuclear power. The program is based on a 75-
hour combination of lectures, tutorials, laboratory work, demonstrations, site visits,
computer simulations, assignments and discussion periods.

The University of New South Wales is recognized as the top university for energy
R&D in Australia with many of the research groups among the world leaders in their

field.

Various UNSW lecturers wiil cover the following topics:

Energy and Sustainable Development

Our society’s energy systems have a critical role to play in driving sustainable
development. Key sustainability drivers are energy poverty in the developing world,
energy for social welfare and development and the environmental harms of present
energy systems. We consider three key issues: .

The current status of global energy systems

This topic examines the current status and present international outlook for both
traditional and renewable energy sources; energy, economic growth and the
environment, implications of the international climate negotiations; and structural
change in the electricity supply industry. ’

Sustainability challenges and options

This topic will consider the current status and trends of existing energy systems with
regard to the three sustainability drivers of energy poverty, social welfare and
development, and environmental impacts. -

A sustainable ‘energy services’ paradigm

This topic describes an ‘energy services’ model for designing sustainable energy
systems that are highly energy efficient and use cleaner fossilfuel and renewable
energy sources. There is a particular focus on sustainable energy technology

innovation.

Energy and the Built Environment

Energy Storage

Energy use in buildings, domestic and commercial; sustainable architecture; thermal
comfort; passive design; energy performance modelling; building systems; HVAC and
lighting in buildings. Computer simulations are used to hightight the effects of
various design techniques on energy usage — glazing of windows, thermal storage,
insulation, and ventilation.




Course Syllabus

Energy storage systems include electrochemical, chemical and thermal. The
principles of electrochemical energy systems and fundamentals of electrochemisiry,
secondary batteries and fuel cells are considered. The latest advanced batteries for
stationary and mobile applications, including the vanadium redox flow battery,
sodium sulphur, zinc-bromine, sodium metal chloride and nickel-hydride are
discussed: Laboratory work includes battery design, testing and performance
calculations.

Energy and the Process Industries
Process industries form the basis of modern society and will continue to play a major
role. Research initiatives worldwide have paved the way for advancing the
development of sustainable processes. Energy efficiency and waste utilisation are
some of the key features of many of the sustainable processes that will be discussed.

Renewable Energy technologies
' This topic will cover the key renewable energy sources for sustainable energy systems:

Biomass

Considers biomass and agricultural wastes in the production of alternative fuels.
Ethanol production technology, from both yeasts and bacteria including genetically
engineered micro-organisms (GMOs) and all the issues that this raises for large-scale
ethanol production; methane via biogas technology; and other fuels via pyrolysis and
combustion.

Photovoltaic Devices and Systems _

Will examine the basics of converting sunlight into electricity; the behaviour of solar
cells; cell properties; system components; applications; grid connection; system
design, including for RAPS {remote area power supply) applications. Experimental
work will be carried out at the Photovoltaic Centre teaching laboratories where there
are operating PV systems connected to the grid, solar pumping systems and where
development work has taken place on the solar powered car.

Wind Energy

‘Will describe the components of a wind turbine; examine the interaction of wind
and rotor; consider fatigue; and examine the process of electricity generation and
supply to the grid (wind farms).

Emerging Energy Technologies
There are a number of highly promising bug, as yet, commércially unproven energy
technologies which may play a very important role in our future energy systems over
the longer term. We focus on emerging Carbon Capture and Storage (CCS),
geothermal, solar, Generation I and preposed Generation IV nuclear power plants
and hydrogen technologies

Energy Tomorrow: An Engineering and Management Perspective




Course Syliabus

Assessment

Textbooks

Students are required to attend all lectures and tutorials and to complete all
assessment tasks. Failure to do so without legitimate reason will result in failure to
graduate from the course.

Students will be assessed throughout the program. The assessment is in three parts:

{1) Most units of the program will have some form of assessable activity. Questions
will be assigned from the readings and class work.

(2) Essay and oral presentation. Students will be assigned in week one to small
groups, to work on a project specifically in one of the topics covered by the course.
Students will write a report to be completed by week four and also make a short
verbal presentation on the project.

(3} Final examination. A multiple-choice exam covering all course work will be given
in the final week of the program.

All marking will be in accordance with the UNSW scale:

Faii <50%
Pass 50-64%
Credit 65-74%
Distinction . 75-84%
High Distinction - >85%

An international grade equivalence sheet will accompany the official UNSW
transcript when mailed to the student following completion of the program.

A handbook of notes will be provided.




Course [nformation

Course Information

Location

Energy Tomorrow: An Engineering and Management Perspective is one of six
programs that make up the UNSW Study Abroad Summer School in 2012. Each
program has approximately 20-30 participants and all travel a similar itdnerary within
Australia with some having a coursespecific field wip in week three or five.
Generally, all groups will be staying at the same destination at approximately the
same time, however programs will break up into their individual groups for classes
and field excursions.

The program commences in Darwin, in Australia’s “Top End’. While based in Darwin
there will be a two-day camping expedition into Kakadu National Park. Crocodiles,
Aboriginal art sites and spectacular scenery are some of the highlights of this field
trip.

On the way to Sydney from Darwin we make a three-day stop in Melbourne which will
include visits to a number of acedmically relevant sites.

For weeks three and four, the program will be based at the campus of The University.

of New South Wales (UNSW), located 20 minutes from downtown Sydney and within
walking distance from the beachside suburb of Coogee.

Week five will be on location in Cairns for the final section of the course and a field
excursion to a renewable energy site. This will leave a few days at the end of the
course to relax and participate in the wide range of activities available,

Program length

Program fee

Energy Tomorrow: An Engineering and Management Perspective

The course consists of 75 hours of class contact time over five weeks, and is
comprised of lectures, laboratory work and related excursions. The program is
valued at the equivalent of 6 units of credit at UNSW,; and is the international
equivalent of 6 or 8 units of credit, subject to home institution policy.

The program fee includes:

*  tuition

+ all accommodation

+ allmeals in Kakadu National Park

»  hreakfasts in Melbourne

*  breakfasts and lunches in Sydney

*  breakfasts and a {final progrard dinner in Cairns

+ all excursion travel and entry fees

* orientation program and airport shuttle services

* Internet device

+  UNSW student card (allowing access to all UNSW facilities).

| Please note: Oth

RO AR

er meals and airfares are not included in the program fee.
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Summary of Course Itinerary

Summary of Course Itinerary

Darwin and Kakadu

Date Activity \

Wednesday 13 June Depart Los Angeles on QF 16 to Brisbane

Friday 15 June Arrive Brisbane

Depart Brisbane on QF 824 1o Darwin (from Domestic Airport)

Arrive Darwin
Met at Darwin International Airport by UNSW Summer School staff

and taken to accommodation

Staying at:

Melaleuca on Mitcheli Backpacker
52 Mitchell St

Darwin, NT 0801 Australia

Ph: +61 88941 7800

Fax: + 61 8-8941 7900

hitp:/ /www.momdarwin.com/

Collect course materials

Orientation and introduction of academic staff

Welcome Reception

Saturday 16 June Class: Course Introduction

Excursion

Sunday 17 June

Class: Photovoitaic Devices and Systems I

Mindil beach markets

Monday 18 June Class: Photovoltaic Devices and Systems 11

Tuesday 19 June Class: Energy and Environmental Implications

Wednesday 20 June - ¢ 2-Day Field Trip to Kakadu National Park

Thursday 21 June

Friday 22 June Class: Enérgy and Sustainable Development I

Saturday 23 June Excursion

' Class: Energy and Sustainable Development EI

Sunday 24 June Depart Darwin on QF839 to Melbourne
Meibourne

Date Activity

Sunday 24 June Arrive Melbourne and transfer to accommodation

Monday 25 June Field Trip: PV Facilities and/or Windfarm

Tuesday 26 June Field Trip: TBA '

Wednesday 27 June Depart Melboumne on QF434 to Sydney




Summary of Course Itinerary

Sydney

Wednesday 27 June Arrive Sydney and setide into UNSW dorms
Thursday 28 June Class: Energy and the Process Industries
Friday 29 June Class: Energy Storage [

Saturday 30 June to Free days

Sunday I July

Monday 2 July Class: Energy Storage II

Tuesday $ July Field trip: Ausgrid Energy Efficiency Centre, Silverwater
Wednesday 4 July Class: Energy Efficiency I

Thuarsday & July Field trip: OneSteel Plant

Friday 6 July Class: Energy Efficiency II

Thursday 7 July Class: Wind Energy

Friday 8 July Class: Emerging Energy Technologies

Saturday 7 to Sunday 8 Free days

July
Menday 9]July
Tuesday 10 July

Class: Energy and the Built Environment

Class: Introduction to energy from agricultural resources and
related biotechnology principles

Wednesday 11 July Group Presentations

Cairns
Thursday 12 July

Depart Sydney on QF 924 to Cairns

Arrive Cairns and transfer to accommodation
Staying at:

Rydges Esplanade Resort

Cnr The Esplanade and Kerwin Street,
Cairns Queensland 4870

Phone: +61 7 4044-3000
Fax: +61 7 4044-9001

http://www.rydges.com/hotel /0/RQESPL /Rydees-Esplanade-
Resort-Cairns.htm

Friday 13 July Free day

Saturday 14 July Field trip: Biomass site
Sunday 15 July

Monday 16 July

Class: Biomass Energy

Final Exam

End of Program Dinner

Tuesday 17 to End of academic program

Wednesday 18 July

Relax in Cairns

Optional trips to Greai Barrier Reef diving/snorkelling, white
water rafting, bung}'j_umping and skydiving.

Encrgy Tomorrow: An Engineering and Management Perspective




Summary of Course ltinerary

Thursday 19 July Depart Cairns on QF 799 to Brisbane (ETA 7.30am, Brisbane

International Airport)

Depart Brisbane on QF 15 for Los Angeles
(ETA 7.00am, 19 July)

Note:  Both this itinerary and accommodation are subject to change %




Cultural and Sccial Activities

Cultural and Social Activities

During your stay in Australia, UNSW Study Abroad will be coordinating a range of
cultural and social activities for you to do in your free time. These are optional.
UNSW Study Abroad offers all activities at cost price. Students will be given the
opportunity to sign up for these activities upon arrival in Darwin and again in Cairns,

Below is a list of some of the activities that may be offered. Prices are given in
Australian dollars (UUS$1.05 = A$1.00 - September 2011) and are based cn 2011
prices, so are subject to change.

Darwin

Sailing on the harbour afternoon $60 - $80

Fish feeding ' $10
Cairns

Day on the Great Barrier Reef $165

Day trip to the Daintree Rainforest

Bungy Jumping %100
Sydney

Blue Mountains Day Trip $99

Two-hour “Learn to Surf” lesson at Bondi Beach %55

Ticket to an Australian Rules game : $22

Opera at the Sydney Opera House $80 - $95

ydney Harbour Bridge Climb - $200 - $300

Overnight stay at Taronga Zoo on Sydney Harbour $150

Energy Tomorrew: An Engincering and Management Perspective




Contact Details

Contact Details

Program Convenors

Contacting Students

The program convenors for the UNSW Study Abroad Summer School are Clare
Mander, Tom Kiffer and Nick Dowd. They can be contacted on:

Clare Mander

Program Coordinator

UNSW Study Abroad Summer School

Ph: +61 2 9385 1656 / mobile 0415 033 101

Email; c. mander@unsw.edu.an

Tom Kiiffer

Program Coordinator

UNSW Study Abroad Summer School

Ph: +61 2 9385 3178 / mobile 0412 894 282
Email: tkuffer@unsw.cdu.au

Nick Dowd

Senior Short Course Manager

UNSW Study Abroad Summer School

Ph: +61 2 9385 1445 / mobile 0414 262 214
Email: n.dowd@unsw.edu.au

Fax: +61 2 9385 1265

At any time during the program students can be reached by mail at the following
address:

Stdent's Name

¢/0 UNSW Study Abroad Summer Schoo!
UNSW Study Abroad Office

Level 16, Mathews Building

The University of New South Wales
Sydney NSW 2052

Australia

Messages can also be left for siudenis using the contact details above for Clare or Tom.

Hotel/hostel contact details afrpenr in the Course Itinerary section of this pack. They are,
however, subject to change.




March 18, 2013

Study Abroad Advisory Board

Dear Board members,

Emily Marlton asked me to explain why I think that the UNSW program fills an impor-
tant gap at UNC, why it lacks a textbook, and why the sample assigned readings are
appropriate. I'm happy to do so.

It definitely fills a void. Here energy is introduced ad hoc in the occasional freshman
seminar offered by physics and chemistry professors who recognize that the ongoing en-
ergy transition is a defining phase of our civilization, and as a policy — not technical —
problem in our Environmental Sciences program. It is also the subject of PHYS/ENST/
MASC/GEOL/PWAD 108, which has been team taught by 3 professors for several years.
In most of these UNC classes energy specific calculations are introduced at various lev-
els of rigor, but the technology is not reviewed in a sophisticated or practical manner to
consider how various options scale in both the developed and developing world. I occa-
sionally teach PHYS 131 to detail the technology and physics of energy in more depth
than most non-science majors wish to handle. All of our energy courses are “feeders” to
advanced treatments that have we have yet to offer! For example, we have two capstones
to our physics BA in energy that we cannot teach because of manpower constraints. The
UNSW program straddles our introductions and capstones. It delves into practicalities
of various energy systems, including trade-offs of using current technology, and visits
installations of alternatives such as wind farms that do not exist in NC because most of
our power generation is based in stodgy monopolies that aim to maximize shareholder
value not longer-term societal benefit.

In my experience, standard energy texts are rarely both precise and passionate. College-
level ones trend toward dry engineering texts. Most of the rest seem to be rants. There
are only a couple, e.g. Renewable Energy Without the Hot Air by McKay, that provide
adequate technical background then guide students to think critically about the myriad
implications of our energy use. Few dwell on the underlying reason for our unfolding



energy/environmental crises: the flat supply of petroleum is constantly bumping into
the mobility aspirations of the growing human population in tension with the developed
world’s inefficient usage patterns. Instead we hear about how e.g. hydro-fracking is
a novel game changer (it isn’t, it has become viable because of sustained expensive oil
caused by scarcity. Those wells will be dry within 5 years), how electric vehicles will
soon wean us off petroleum (only if people accept that for the next ~20 years EVs will
cost twice what cars do today in current dollars or have short range), and how CO, se-
questration will solve global warming (it can’t from basic thermodynamics and because
we generate so much of this waste product).

"Sources" are mostly technical in this subject because it takes considerable background
for students to start thinking critically on energy and the impracticality/downsides of
scaling up use of our various options. “Original sources” covering the development of
energy systems are not particularly interesting because the physics was worked out a
century or more ago. It’s now all about getting costs of alternatives down with often
subtle tweaks while maintaining their ability to scale, both engineering problems.

I reviewed some of the UNSW PDF's and found that they cover topics deeper and at a
higher technical level than we do here, yet link to societal choices often by case studies.
For example, the UNSW paper on carbon sequestration provides the background con-
text of the issue then examines how to do it and at what cost. This analysis regularly
eludes e.g. columnists in the New York Times and Wall Street Journal. There are many
references to technical reports in its bibliography that have been chosen carefully and
presumably will be assigned. They would make for many stimulating discussions, at a
more advanced level than we have at UNC.

Overall the material suggests that this will be a high value program, providing insights
that students will not get here or at e.g. NCSU on a broad range of energy topics.

Professor of Astrophysics



Energy Tomorrow

Energy and Sustainable
Development
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Introduction

Much of the journey of human development to date has been shaped by our growing expertise in
harnessing and transforming new forms of energy to extend our capabilities. Readily available
and affordable energy has given many of us near unprecedented material comfort, mobility and
opportunity. Energy also has a key role to play in further progress - particularly for the two
billion energy poor people amongst us.

The energy systems that support this, however, seem almost certain to have to change. Energy
plays a key role in just about every thing that we do so it can be expected to have adverse
impacts. Unfortunately, our society’s present energy systems appear to have such severe
environmental outcomes as to threaten our collective future.

The role of energy in sustainable development therefore is twofold
+  Adequate energy to meet our needs and enable ongoing human development and welfare

*» The creation of energy systems that don’t threaten the prospects of future generations or the
integrity of our ecosystem.

Of course, we don’t want energy itself, but instead the services that it can provide —food, light,
comfort, materials, mobility and communication. The question then is how best to meet these
‘energy services’ needs.

Engineering is, in essence, the practical application of scientific knowledge through a
systematic process of designing, creating and operating socio-technical systems in order to meet
practical human needs. Energy engineering is therefore the process of developing socio-
technical energy systems to deliver necessary energy services for our society.

This unit will first focus on the role of engineering in our energy systems, the energy services
our society requires, and the present energy systems — resources, conversion chains and end-use
equipment — that are delivering these services. We will then explore the environmental and
other sustainability related impacts of our present energy systems, and what if anything can be
done to address these problems.

Engineering

The definition of engineering that we will use is the practical application of scientific
knowledge through a systematic process of designing, creating and operating socio-technical
systems in order to meet practical human needs.

Key themes
The three key themes identified in this definition are
» the stated objective of improving societal welfare

« the use of scientific knowledge; certainly knowledge of physics, chemistry, biology,
mathematics but also that of the social sciences

« engineering as the practical and systematic application of such knowledge through
technology to meet these societal objectives, subject to a range of constraints.

The focus is on meeting practical societal needs with due consideration to the wide possible
range of constraints on this task; constraints such as environmental impacts,

Energy and Sustainable Development 3



Systems methodology

The engineering methodology is required to solve complex and ill-defined community problems
which generally don’t have unique correct solutions. The answer is to use a ‘systems’ approach.

A system is a “...collection of interrelated and interacting components that work together in an
organised manner to fulfil a specific purpose or function.” (Dandy and Warner, 1989).

Engineering deals with complexity by breaking the work into fairly autonomous tasks that can
be planned and executed largely separately. It’s a powerful approach but note the great care
required when creating and executing these sub-components. They have to be brought smoothly
back together as a complete system that achieves overall system objectives.

It is still unavoidable that the resulting socio-technical systems in our society are complex and
not always fully understood, often involving

* many physical components
* many human operators or users

+ potential ‘emergent’ behaviour that is not fully predictable from knowledge of component
behaviour.

Engineering process

A process is defined as an activity executed progressively in time. The process or methodology
of developing engineering systems can be broadly categorised as (Dandy and Warner, 1989
Chapter 2)

»  define the problem clearly — poor problem definition is the cause of many well engineered
but poorly targeted system designs

» generate a range of feasible options — its important to explore different possible ways to
solve a problem, and the tradeoffs required.

+  identify the best of these approaches, and undertake detailed design and planning of a
solution

* implementation.

Top-down engineering focuses on overall system objectives, feasible options and the system
compromises required in choosing the best approach. Bottom-up engineering is focused,
instead, more on the sub-systems (and their sub-systems) - their detailed design and
implementation. Each is essential, and informs the other.

Some of the major tools in generating options and designing solutions are

» modelling — creating representations of the physical system which allow us to explore the
behaviour of the real system

» analysis — the use of models to explore and predict the behaviour of the system under
different conditions

+  optimisation of system performance to clearly defined goals. Note that optimisation of a
system is unlikely to be achieved by independent optimisation of each sub-component
because of the interactions between them — this is known as ‘error of sub-optimisation’.
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Energy systems

In the context of energy systems, the three key engineering themes are

meeting people’s energy needs in the context of wider societal objectives like sustainability
- considered through the concept of ‘energy services’

the essential scientific knowledge that frames the provision of energy services — available
energy resources and the process of energy conversion

the systematic design, creation and operation of our energy systems — energy technologies
yet, importantly, also the larger integrated ‘infrastructure’ systems in which these
technologies reside.

The key engineering process themes with respect to energy systems are

the proper definition of the energy services these systems are required to meet: The problem
definition for energy systems is often misrepresented in terms of energy supply and use.
Also, wider societal objectives appear to be shifting with our growing awareness of
environmental issues.

the development of a range of feasible energy systems options; In particular, our extensive
existing energy infrastructure frames many of our short-term options but the potential of
numerous new technologies is very great.

identification and consequent implementation of our best energy system options with regard
to both our energy service requirements, yet also the wider environmental, social and
economic impacts of different options.

Energy fundamentals

Energy types

A ‘physics’ based definition for energy is

(n) the capacity of a physical system to do work WordNet (2002)

One common classification framework for the different forms of energy available is

mechanical — including the kinetic energy of mass in motion and the potential energy of
mass displaced in some type of force field; eg gravity

heat (thermal) — the kinetic energy of molecules in a material as indicated by the material’s
temperature;

electrical — energy in the movement of electrons under the influence of an electrical field;
light (radiant) — a pure form of energy in the form of photons;

chemical - a form of microscopic potential energy, which exists because of the electric and
magnetic forces within different types of molecuies.

nuclear - the energy within atoms that arises from the structure of their nuclei. With fusion,
small nuclei fuse (combine) together to make larger nuclei while releasing energy; with
fission, large heavy elements split apart into smaller nuclei, also releasing energy. In both
cases, some of the nuclei matter is actually converted into energy in accordance with that
famous law E=MC>.
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Energy transformation

There are two broad categories of energy — stored (potential) energy and working (kinetic)
energy, i.c. energy in use. Energy transformation is the key to energy systems — the types of
energy (hence work) that our society requires as energy services are

* derived from a range of different energy sources
* delivered through a range of often different energy forms, and

* provided to users in yet other forms.

There are two fundamental scientific ‘laws’ that govern the inter-relation between heat, work
and internal energy of a system.

First Law of Thermodynamics: Energy can be changed from one form to another, but
it cannot be created or destroyed. The total amount of energy and matter in the Universe
remains constant, merely changing from one form to another. The First Law of
Thermodynamics (Conservation) states that energy is always conserved..

Second Law of Thermodynamics: In all energy exchanges, if no energy enters or
leaves the system, the potential energy of the state will always be less than that of the
initial state. This is also commonly referred to as entropy.

Maricopa (2002)

In more straightforward terms

Rule 1: You cannot win (that is, you cannot get something for nothing, because matter
and energy are conserved)

Rule 2: You cannot even break even (you cannot return to the same energy state,
because there is always an increase in disorder; entropy always increases)

(from the British scientist and author C.P. Snow)

These laws define the framework of what is possible in our society’s energy systems. We can’t
create energy; we can merely transform it between its different forms. Also, we can’t generally
achieve complete transformation of one energy form into another desired and useful form —
there will be encrgy losses at each step. The key concept of efficiency relates to the magnitude
of these losses through the various conversion stages of an energy system from supply through
to use.

Energy Units

A fixed and widely agreed system of units plays a key role in all forms of communication,
including that in science and engineering. There is a wide range of different units for energy
and power —many reflecting historical precedent (eg horsepower), cultural origins (eg BTU or
British Thermal Units) or convenient reference to particular energy sources (eg MTOE or
Megatonnes of Oil Equivalent).

The French metric system was officially launched in 1799 with the declared intent of being 'for
all people, for all time'. Le Systeme International d'Unites (SI notation) is derived from the
metric system and officially arrived in 1960. It has been adopted by nearly all countries
including Australia. The US is a notable exception.
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The basic SI units of length (meter), weight (kilogram), force (newton), temperature (Kelvin)
and time (second) give us derived units for

* energy - Joule (J)
* power — Watt (W) or 1 Joule per second
The SI notation uses prefixes to manage the great range of energy and power magnitudes that

we are interested in ranging from global energy consumption to the power requirements of
individual electronic circuits.

yotta [Y] 1 000 000 000 000 000 000 000 000= 10724

zetta [Z] 1 000 000 000 000 000 000 000= 10721

exa [E] 1000000 000 000 000 000=10"18

peta [P] 1 000 000 000 000 000=10"15 - eg. PJ yearly global energy use
tera [T] 1 000 000 000 000 =10"12

giga [G] 1000000000 -eg. GW of Australian generation capacity
mega [M] 1000000 -eg. MW rating for coal fired power stations

kilo [k] 1000 -eg. KW power rating for car engines

Note that 10”x means 10 to the power x

Convenience still plays a major role in commonly used units, eg. the electricity industry favours

KWh and MWHh units for energy since generators have KW and MW power ratings.

(RCC, 2002)

Energy Conversions

1 British thermal unit one match {ip
{Btu} 250 al
0.25 Cal
10 Kilocalories One peanut
{Call 10,000 calories
41,900 joules
1,000 Btu Two 5-ounce glasses of table wine
250 Cal
about 80% of a peanut butter and jelly sandwich
1 million Btu 90 pounds of coal

120 pounds of dried hardwood

8 gallons of gasoline

10 thenms of dry naturai gas

11 gailons of propane

5,600 cubic feet of dry natural gas
0.26 ton {520 pounds} of coal
1,700 kilowatts of electricity

1 bairel of qude oil

1 ton of coal 3.8 barrels of crude oil
21,000 cubic feet of dry natural gas
7,680 Kllowatt-hours of eleckricity
1 quad 29317 trillion kilowatl-hours
Q 171.5 tnillion barrels of crude oil

3T (A | < £ | ¢ A B |

41.7 million tons of coal
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Exercise 1.

Estimate the distance you might be able to run a car on your typical daily food intake (say 2000
Kilocalories).

Energy services

Our understanding of human needs and motivations remains limited despite considerable work.
The Maslow hierarchy of human needs is one possible model. It suggests that the most
important needs are physiological; food, water and shelter. Once these are satisfied, safety and
security needs are next followed by our social needs, esteem and finally self actualization.

(Accel-team, 2002)

A number of energy systems are required to deliver these services. Food supply, for example, is
an energy system. Our individual daily energy (food) needs are around 2000-3000 Kilocalories.
However, food often needs to be cooked. Many foods need processing and this takes energy —
eg grinding flour. And food has to be transported from where its grown to where its consumed.
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Task Energy consumption
Daily food needs per person 8.4 MJ/ day

Firewood for cooking and 80-100 MJ/ day
heating per rural household

(UNDP, 2002; Chapter 3)

Consideration of energy services for our needs beyond the merely physiological is even more
challenging. For example, shelter and mobility serve safety, social and, for many people, even
esteem and self-actualisation needs.

We will use two case studies to briefly consider four key issues in understanding energy
services:

« the enormous growth, and growing worldwide inequality, in many types of energy services
» the wider context in which society makes decisions about energy services

«  how our understanding of energy services are complicated by the widely varying efficiency
of the energy systems that currently deliver them and the embodied energy in materials that
we use

e the role that new technologies can play not only in helping to deliver desired energy
services, but shaping what we consider these needs to be and, in some cases, the entire
structure of our society

The two case studies are on mobility and buildings. Both are major contributors to our
individual energy consumption as seen in the figure below. Note also that a significant
proportion of the ‘energy for industry and agriculture’ sector gets embodied in materials that we
use for transport and buildings.

Keep in mind that not everyone gets to be ‘technological man’. According to the WorldBank
(2002) high income countries make up 15% of the world’s population yet use 50% of the
world’s commercial energy and 10 times as much per capita as low income countries.

Indivicual enetgy consurnplion
Azt from Gesec ouder mthrelagics) o {
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Servicas: ENargy for OFice wark, iratie, hdching &l o
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Brergy fairdustry cnd agriculiuze &
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man- iGAS Ak [
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fQrrNGr - oo ¥
Seipiive: DDA 5 %‘
farmesr - &
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Priilive 103600 8¢ i
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Case study - mobility

This first case study considers mobility. The Cambridge Dictionary considers mobility “the
ability to move freely.” Here, we will consider it the movement of people, their goods and ideas.

By all these measures, the last century has been one of more and faster mobility. The OECD’s
project on environmentally sustainable transport reports that the motorized movement of people
and goods both increased more than one hundredfold over the last 100 years, while our
population merely quadrupled. The pace of this travel leapt as well, and in surprising ways. Car
sales worldwide went up from some 4000 to now 55 million annually over the century. Powered
aircraft flights rose from four in 1903 -all on December 17- to eighteen million in 1998. The
average US citizen now travels nearly 30,000 kilometres a year. Note, however, that not all
travel options have similarly prospered; its estimated the average distance people walk or cycle
each year has fallen by a third over the last century.

Mechanised transportation is now responsible for some 30% of energy use in industrialized
countries — perhaps 37% if indirect energy used in vehicle production and transport
infrastructure is included.

The accelerating mobility of ideas is, if anything, even more astounding, One in thirteen US
households had a telephone in 1900. It took 23 years from 1923 for radios to appear in 90% of
US households, only fifteen years from 1948 for televisions to do likewise and its now predicted
that home internet will likewise arrive in around 2003.

There has been extraordinary growth in per capita use of mechanised transport over the last 150
years as shown in the Figure below. How do you imagine these trends might have changed over
the last decade (consider issues such as globalisation, amazon.com, SouthWest airlines, the
recently expanded airport in Anchorage, Alaska etc)?
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Figure 1. Worldwide per-capita movement of paopie and freight, 1850—1990
Sowrce: Cartre for Ststainabie Transportalion (Ref. 5}

Case study — buildings

It has been estimated that most Australians spend about 90% of their time in buildings
(Environment Australia, 2001). In the industrialised world, buildings are estimated to account
for some 42% of society’s total energy use. This includes both direct energy use (eg lighting,
heating and equipment) and the energy embodied in the materials that the building uses (ISR,
1998).

Building end-use energy services of lighting, cooking, heating (water and space), cooling,
refrigeration and appliances can be clearly identified. Note, however, that the relative energy
consumptions often presented don’t directly represent the energy needs of these services. These
proportions depend on the energy source and efficiency of the energy systems currently
providing the service. '

Consider, for example the task of lighting a standard room — a task that requires around 10W of
radiant energy.

Lighting options: energy source Approx. energy required
Incandescent globe electricity 100W (10% efficient wrt
electricity)

Compact fiuorescent electricity 25W (40% efficient wrt electricity)

Incandescent globe Electricity — Approx 300W (coal fired
considering full  electricity is approx 35% efficient
supply chain (3% efficient wrt coal)

Kerosene lantern kerosene 530W (2% efficient wrt kerosene)
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There are obviously better, and worse, energy systems for delivering particular services into
buildings. There is a potentially even greater problem with using energy consumption tables like
that above to analyse the delivery of energy services. What is it? (hint — think of all the possible
energy flows into a building)

What is embodied energy?
There are two forms of embodied energy in buildings:

- Initial embodied energy; and
- Recurring embodied energy

The initial embodied energy in buildings represents the non-renewable energy consumed in
the acquisition of raw materials, their processing, manufacturing, transportation to site, and
construction. This initial embodied energy has two components:

Direct energy the encrgy used to transport building products to the site, and then to construct
the building; and

Indirect energy the energy used to acquire, process, and manufacture the building materials,
including any transportation related to these activities.

The recurring embodied energy in buildings represents the non-renewable energy
consumed to maintain, repair, restore, refurbish or replace materials, components or systems

during the life of the building.

Some New Zealand estimates of embodied versus operating energy consumption over a
building’s life are given below. Note that such calculations depend greatly on the type of
building and its construction materials. Further numerous assumptions are required in such
estimates so they should only be taken as a guide.

Encrgy Use over 50 Years

G0

20T

707 . Residential

60 1 O office
l)/;) 50 .

40 7

30

20 -

0 ~ T }
Construction Maintenance End Use
Energy Type
- (Jaques,1996)
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RIS MJikg | MJ/im3
Aggregale 010 | .1 130
Straw bale 0.24 {131
Soil-cement 042 |1 818
Sione (local) 0.79 | 2030
Concrete block 0.94 | | 2350
Concrete (30 Mpa) 13 | .3180
Concrete precast 2.0 §-:i2780 ¢
Lumber 25 | 1380
Brick 25 | 5170
Cellulose insulation 33 | 112"
Cypsum wallboard 6.1 5890
Parisle board 8.0 [ 4400
Aluminum (recycled} 8.1 218700
Steel {recycled) 8.9 37210
Shingles {asphalt} 9.0 43930
Piywood 10.4 6720
Mineral wool insulation 14.6 139
Glass 15.9 37550
Flberglass insulation 303 |ooere
Steel 320 1251200
Zinc 51.0 371280
Brass 62.0 1519560,
PVC 70.0 93620
Copper 70.6 | 831164
Paint 93.3 | 17500
Linoleum 116 150930
Polystyrene Insulation 117 i 3770
Carpet (synthelic} 148 84900
Aluminum 227 - 5157007
NOTE: Embodied energy values based on several
internalionat sources - local values may vary.

(Kesik, 2002)
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Energy systems

The energy systems that our society has developed to deliver its energy services are among the
largest and most complex systems we have yet devised. They can be usefully modelled as

FIGURE 1. AN EXAMPLE OF THE ENERGY CHAIN
FRCM EXTRACTION TO SERVICES. .

-| Energy system :
: Energy sector I—
Extractlon ancd ireatment Coal mine
Primary energy Coal
. Conversion tachnologles Power plart,

cogenetation plant

Distribution technologios Etectricity grid

Final enamgy Electrigity,

End-use technologlas 1. [l
e e o systems
Useful energy o Melting heat
End-use technologles 2 - Fumnace

— Enargy services,
Energy saivices Steel-naking

Stantroes Adaved frour chapler b,

(UNDP, 2002) for all tables below unless otherwise noted.
Note that we consider the term ‘energy system’ to include all parts of this chain leading to the
delivery of energy services. We have considered these energy services, and some of the end-use
technologies that deliver them — eg cars, light globes.
We can now ‘systematically’ assess our present energy systems with respect to
» the energy resources available and their current usage
* energy conversion and distribution

» general end-use technologies.
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Energy resources

The energy resources available for our energy systems can be broadly classified as non-
renewable and renewable. The non-renewable, depletable resources were laid down at the
planet’s creation (eg Uranium) or over very long time periods (fossil fuels).

The outstanding feature of all fossil fuels is that they contain a lot of carbon. Coal is especially
rich, with up to 95%. The others are mainly hydrocarbons, compounds of carbon with hydrogen,
sometimes with other elements present, but even in these the proportion of carbon is high,
around 75% or more by weight.

The earth’s renewable energy resources are ongoing energy flows driven mainly by the sun
(solar, wind, hydro, biomass) but also the earth’s internal heat (geothermal). The potential size
of these are more than three orders of magnitude greater than present global energy use.

TABLE 5.26. SUMMARY OF THE RENEWABLE
RESQURCE BASE (EXAJOULES A YEAR)

Resource Cumert oo hovanter
Hydropower g 50 147
Biomass energy 50 >276 2,800
Solar energy 0.1 >1,575 3,800,000
Wind energy 0.12 640 6,000
Geothermal energy 0.6 5,000 | 140,000,000
Qcean energy n.e. n.e. 7,400
Total 56 > 7,600 | >144,000,000

n.a. Not estimated.
a. The slectricity pait of current use is converted to primary energy with an
averagsa factor of 0.385. Sorree: Autbor's calcalations from precious chapler fables,

Nevertheless, it is fossil fuels that supply some 80% of the world’s primary energy
consumption, as shown below. The use of coal, has grown four-fold in the last century, oil use is

up 160 fold and gas use 240 fold.

TABLE 1. WORLD PRIMARY EN_EI_-'(&\" COHSUHPTIDH,‘ 1998

Primary Primary anergy P— Statie reserva- © Sintlc rosource Dmmni\:reﬂsame
energy {10% tonnes of 9;" i:ta!gg production rotlo  base-preduction  base-productlon :

) (ﬁm]m_llasg oll equivatent] u_ears]ﬂ  rofio (yag:a}b ral?_{:};aa%

Fossil fusls 320 7.83 79.6

il 142 3.39 353 43 ~ 200 a5

Hatural gas 85 2.02 21.1 B9 ~ 400 280

Coal 03 222 23.1 452 ~ 1,500 1,000
Renawables 56 1.33 139

Larga hydro 9 0.29 2.2 Aanewabla

Traditional bicmass kE] 0,91 2.6 Ranewabla

‘Meaw" renewablesd [*] 0.24 22 Renewable
Nuclear 26 0.62 6.5

Nuclear® 26 0,62 85 507 o 3007
Tetal 402 9,58 400,0

a Bnsed on constant production and static rsarvss, b, Includss both conventional and unconventional reserves and resources, ¢, Data refer to the
energy usa of a businass-as-usual scenario—that s, production is dyramic and a function of demand (see chapter §). Thus thesa ratios are subject o
change under different scenaries. ¢. Includes modem biomass, small hydrepeawar, geothermal enangy, wind anengy, solar anergy, and maring enengy
{saa chapler 7, Modern blomass accounts for abaut 7 exajoules, and 2 exajoules comes from all other ranewablas. e. Convaried from clacticity prochiced
to fuals consumed assuming a 33 percent thermal efficlency of power plants. f. Based on ehce-through uranium fuel eyeles excluding therium and lov-

-~ concaniration uranium Fom seawater. The uranium resourcs base is effsctively 60 times larger If fast breeder reactors are used. Seanv: Feiphr & -
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Energy conversion

Our energy systems utilise a number of intermediate energy forms between the primary
energy resource and its delivery to end-use equipment. The objectives are generally to
provide energy in a form that is easier to deliver and to use in this equipment. The figure
below (taken from the World Energy Assessment) illustrates some of the energy
conversion paths used in our society’s energy systems.

I " Energy system }

— -
| Energy sector . I—

.5 Extraction B Gaswel Gaswell  Coalmipe * Uranium Cilwell  Agmoforestry
o -ang treatment ' S

mina

Natural Natural Coal, Sunlight Uranium Biomass: -

gas gas lignita

Convarsion ‘ Heat Power planf, Photovoltalc - Power plant Refnery ~ Charcoal,
technologles ‘ production  cogeneration cell i i -~ ethanol plant

Distribution Gasqrid Districtheat ™ Electrleity Electrlcity -Eleqiﬁclty o Ral;
technologles ‘ i

" Truck

network grid gid- . oid o plpaline

M NN N e G Dl M BER M NN DN N NN N B M Y G SEE Al B NN BN NN R R hm m LN

Natural gas 'Districtheat  Electricity ‘Eiect“rlclty Elsciricity Kemsens ‘Charcaal,
(hot water, . i T B T o athanol
steam) - o

‘Conversion of Cwven, Local Electric are  Light bulb, Freezer - Stoves, - Stoves, . .
final energy toller  distibution  fumace . T set ‘ alroraft  automoblies

Heat from Cooling, - Meltihg, ‘I‘_‘ight“ Ceoling Gooklnb’heat. =;(‘§o:qking 'heratp
radiators heating heat - efmlssion . . acceleration, acceleration,
R R overcoming: . ‘Overcoming

ar resistance alr resistance

Technalogy Bulking, - 'Bullding, Furnace Ltighting,  Insuiation Typeof .- Typa of

producing the house, - gold- . TViype  of freezer  COOKer, type: Cooker type

demuanded service factory storage - | g;‘dp}glg?ér,- .of 14;az::r,tc|)cr>ad

Energy- services

Energy Space Space Steel lluminatioh; Food - Cooked =_;Gdoked
services conditioning conditloning  making - - - . commu- storage” - feod, alr - ‘food, road

« ricatien - . fransportation trdhsportation
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Gas requires relatively almost no transformation. It is easy to distribute through pipe networks,
and straightforward to use in end-use equipment providing heat service (eg hot water, space

heating, cooking.)

Electricity is clearly the most important intermediate energy form. This largely relates to the
wide range of end-use equipment that can efficiently and cleanly convert electricity into a very
diverse range of services. For example, electric motors are around three times more efficient
than the internal combustion engine, while the growing amount of IT equipment we use is all
based upon electricity through electronics and microelectronics systems.

Conversion technologies

There is an enormous range of these in our energy systems and they vary greatly in terms of

* types of energy input and output
* scale

+ efficiency

For the example of electricity generation; these vary from coal fired power stations of 1000MW
or more operating at around 35% efficiency, gas turbines from the tens to hundreds of MW
operating at around 30-40%, combined cycle gas generation in the hundreds of MW with 55-
60% efficiency, through to small renewable home power systems in the KW range.

Coal-fired steam-cycle generator

‘Ash: 50 t/h

Heat: 165 MW
€O, 600 th
1650 MW,
" Boiter' .
L sdgeC, Electricity
16MPa; ||, 600 MW
- Steam/water
cycle
Cooling water
- T 70000 t/h
Coal Air | Condénsor -
280vh 2,800 th Water @30°C, | - o[ ) li?vo_gf:;c
0.005MPa N L heat

Combined cycle gas turbine (CCGT)

Air

Ajr.
COMPrESsor

/

Hot
compressed
gases

" Steam -

Bt CEGenerator
" tuebine % C /

Gas

turbine 24 Electricity

Hest recovery | . .
e Tud
boiler Hot gases including

CO,, NOX

Courtesy Hugh

{Outhred, 2001)
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Solar Atray

TraceT“

SW inverter Generalor

G40 Charga
Conlroller

wWingTuwrbine
(Trace, 2002)

Exercise 4

One important feature of energy conversion chains is the losses that occur at each conversion.
Describe the energy conversions that turn buried oil into a car trip and the types of losses at each

stage.
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End-use equipment

We have already considered end-use equipment in the context of particular end-use services. It
can be more generally classified in a number of ways.

Estimated Australian energy consumption by overall economic sector (ABARE, May 2001) is
as follows. Note that the ‘industry’ sector covers a wide range of activities and materials that are

used in the other sectors.

1973-74

Non fueluse Other

Appliances 6.
t Engines 18.2% 1996-99

Chemical and N

Non fuel use, Other
fefining 30.3% b 8.4%

Appliances 7.7% '%
f . 4

; Bollers 30.3%
Metallurgical L
11.8%

Chemical and’
refining 23.7%

- i Engines 20.8%
Metallurgical
6.5%

' o

Estimated Australian energy consumption by general end-use equipment is as follows. Boilers
are the largest single energy consumer but note that these include the boilers for coal fired
electricity generation. The engines component is largely internal combustion engines in

motorised transportation.
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Australia’s energy systems

(ESAA, 2002)

Total energy supply - Australia 1999/2000

Hydro 60.5 Pj: Solar 3.9 Pj
; Other solid fuel 225 Pj

Total energy supply:
15217 Pj

Uranium 3870 Pj

Electricity
. _ o S BRERT Generation
xport o gne, gy: . 2079 Pj
10206 Pj Total energy ‘
‘ R o, -available for

Electricity 0il: 22 Pj
available for Hydro: 605 Pj
final ™

; 5 Gas 216 Pj
/ consumption
646 Pj
\ Coal: 1780 Pj

Residential: 390 Pj

Uranium: 3772 Pj

Coal; 5003 P}

Commercial: 214 Pj
Agriculture: 71 Pj

Transport: 1225 Pj Industry: 1371 Fj
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Sustainability of energy systems

In this section we assess global energy systemns with regard to two key sustainability criteria

» delivery of adequate energy to meet societal needs and enable ongoing human development
and welfare

» the need for energy systems that don’t threaten the prospects of future generations or the
integrity of our ecosystem.

Energy services

The energy rich

For those of us lucky enough to live in the industrialised world and the privileged of the
developing world, the energy services we are able to enjoy are consuming perhaps 100 fold
more energy than was available to humans before we mastered fire.

Furthermore, this energy appears very affordable. The direct costs of this energy are certainly
often low, as shown below for Australian households. The situation is similar for many
industries and commercial enterprises as well, and is part of the reason we see such poor
decision making in energy.

TranSpat | w v wm= - s e e m i a e O e e -
Food and non-gechdic Deverages | - - - - - - === =mmmo s mmmmmoo oo -——— 0
Recregion | ~=-=~----=--=-~-~---«- Qeom~-n -
Currert housing costs | --------=~=vvr--rmm- - 0
Mistellaneous goods end seniees [ - ---- ==~ - - - - o---=
Househal dfurrishings and ecquipment | ----------- =)
Clghingend fodweat | - -~~~ - o---e
Household services and qpertion | - -~~~ -- -~ L Y
Medica care snd hesith epenses | ----- -~ - 0
Alechoiic beverages | --- ©- -®
Persond care | - - - @
Domestic fud endpowver | - - - # - © -
Tobeceo procuets | - -8 © ; [’5::

T T

0 5 10 15 20
%

Expenditure by highest and lowest Australian income groups; ABS (1998}
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The energy poor

There are, however, well over a billion people who don’t have access to commercial energy;
most of them poor and living in rural areas of the developing world. This inequity is
unsustainable.

DMSP (2002)

The energy dimension of poverty—energy poverty—may be defined as the absence of
sufficient choice in accessing adequate, affordable, reliable, high-quality, safe, and
environmentally benign energy services to support economic and human development.
The numbers are staggering: 2 billion people are without clean, safe cooking fuels and
must depend on traditional biomass sources; 1.7 billion are without electricity.
Increased access to such energy services will not, in itself, result in economic or social
development. But lack of adequate energy inputs can be a severe constraint on
development.

Universally accessible energy services that are adequate, affordable, reliable, of good
quality, safe, and environmentally benign are therefore a necessary but insufficient
condition for development.

UNDP (2002); Chapter 2.

What is actually meant by ‘commercial’ energy and do you, yourself, ever use non-commercial
energy? '
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Environmental impacts of our energy systems

The environmental impacts of our present energy systems can be broadly categorized into
* major land-use changes in obtaining energy resources

* the release of pollutants.

Land use change

The fossil fuel industries (coal, oil and gas) all contribute to major land use changes from their
mining and drilling operations. For example, over the last 10 years the petroleum industry
worldwide

...has been awarded 4,040 new contracts for exploration activities. These awards have
covered a total licensed area of 13,755,000 square kilometers, or the size of both the
United States (including Alaska) and Europe together”

In the last decade, 14,979,795 kilometers of 2D (or standard) seismic lines have been
cut globally. To put this into perspective, this is more than twice the total distance of the
entire road network of the United States.

Project Underground (1999)

Much of this activity is in relatively unperturbed land areas, for example, in South America. It is
not, however, only fossil fuel extraction that impacts on land-use and ecosystems. Large hydro
projects can have very significant impacts, as can mono-culture biomass for energy production.
An example of the latter is Brazil’s use of large-scale sugar plantations to make ethanol as a
liquid fuel alternative to petroleum.

Nevertheless, it is probably the enormous quantities of a wide range of environmentally active
chemicals emitted by our present energy systems that are of greater concern.

Pollutants

Our energy systems are responsible for enormous material flows through the economy and into
our ecosystem, as outlined in the table below. It is clear that energy systems are, with other
societal activities, markedly changing the global cycles of numerous important chemicals. Note
that the separation between ‘commercial energy supply’ and ‘manufacturing, other’ is not
always clear — in many cases, the latter can represent embodied energy or waste strcams from
commercial energy supply. While the potential adverse impacts of these chemical emissions
aren’t necessarily clear the magnitude of these flows highlights the potential risks.

Impacts of poliutants
The environmental impacts of such materials flows can be categorized in terms of
+ direct effects on human health; also termed ‘environmental health impacts’

+  impacts on ecosystems that indirectly affect, more generally, human welfare.

Another useful ‘socio-technical’ model for exploring these impacts is in terms of their scale
» the individual and household level
» the community, regional, level

* global impacts
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TABLE 3. ENVIRONMENTAL INSULTS DUE TO HUMAN AGTIVITIES BY SECTOR, MID-1900s '

" Matural base-  Human ’ Share of human disrupllon eaused by

line (tlonres  disruplion  commerelal . Traditional Agriculturs Manutacturing
per yaar) Index?  enehyy supply - oneray Supply g cg?h e
Lead e.mlsslhons to 12,000 18 4196 {fossll fuel Negligible Negliglble 59% (matal
atmosphers burning, including processing,
additives) manutecturing,
refilza burningy
Qll edded to oczans 200,000 10 44% (petroleum Negligible Neglgible 56% [disposal
harvesting, of cil wastes,
pmocessing, Including malor
and transport) ¢l ¢hanges) -
Cadmium 1,400 5.4 13% {fossil 5% (tradlitional 12% (agricultural 70% (metals
emissions to fuzl buming) fusl burning) buming) processing,
aimosphare manufagturing,
refuse burning)
Suiphur emisslons 31 million 2.7 B5% flossl 0.5% {traditional 1% (agricutural 13% {smalting,
to atmosphsre {sulphwr) fuel burning) fuel burning) burning) refuse buming)
Meathane flow to 160 milion 2.3 18% ilossll 5% (traclitional B5% (rlce pacidles, 12% {tandfils)
atmosphera fuel harvesting fuel buming) domastic animals,
and processing) land clsaring)
Nitrogen flxation 140 milfion 1.5 30% {ossil 249 (traditicnal 67% {fertiliser, 1% (refuse
fas nitrogen oxide [nitrogen) tuel buming) fuel burning) agricuHural burning) burnng
and anmenium)©
Mercury emissions 2,500 14 20% (fossil 1% (traditlonal 2% (ggricuttural 77% (melals
to atmosphéra fusl buming) fuel burning) buming) processing,
manufacturing,
refusa burning)
Nltrous oxida flows 33 miillon Q.5 12% (fossi BY% {traditional BO% {fertiliser, Negligible
to atmosphere fuel burning) fusl burning) land clearing,
aquifer disruption)
Particulats 3,100 miltiond 012 35% (fossil 10% itraditional 40% (agricultural 15% (smeltng, nan-
emlssions to fuel burning) fual burning) buming) agricultural land
atmospherz clearing, refusz)
Naon-methane 1,000 millien 0.12 359 fossi 5% {fraditlonal 40% {agricultural 20% (non-
hycrocarbon fusl processing fusl burning} buming) agricultural land
emissions to and burning) clzaring, refuse
atmosphera burnlng)
Carbon dioxide 150 billien 0,05¢ 759% (fossll fusl 306 fnet 15% {net 7% st
fleas to {carbon) burning} deforestation for daforasiatlon for d=lorestatlon for
atmosphera fushvoodj land clearing) lumber, cement

manufacturingy

Neote: The magnitucle of the insult 18 only one facter determining the size of the actual envirenmental Impagt,

2. Tha human disruption Indsx 15 the ratio of human-gensratad flow 1o tha natural ibasaling] fiow. b. The autemotive portlon of human-induced lead emisslons
in this tablz Is assumed to b2 50 percent of global automotive emisslans In the early 1980, ¢, Caleulated from tolal nkrogen fikation minus that from
nitrous oxid=. d. Dry mass. €. Athough seemingly small, because of iha long atmospheric lifetime and othsr characteristics of carbon dioxide, this sight
imbalanza in natural flows Is causing a 0.4 percent annual increase In the globel atmospheric concentralion ¢ carbon dioxide. St chapéer 3,

UNDP (2002); Overview.

Households

Our oldest energy technology, the cooking fire, actually remains our most common fuel-using
technology worldwide.

The direct health impacts of the home cooking fire depend greatly on people’s typical cooking
arrangements — eg outside or inside the home, ventilation and, critically, the type of fuel. Clean
combustion of solid fuels like wood, crop residues and coal is difficult in simple, small devices.
Wood is actually a clean energy source if burned properly but this is rarely achieved in a poor
household. Coal is generally far worse while liquid and gas for cooking offers both cleaner fuels
and higher efficiency, causing far less direct harm.

The direct health impacts of home cooking on solid fuels are difficult to estimate but
very great. The best estimates of such effects for developing countries have been done
for India... These indicate that household solid fuel use causes about 500,000 premature
deaths a year in women and children under 5. This is 5—6 percent of the national burden
of ill health, or 6-9 percent of the burden for these two population groups. This is
comparable to, though somewhat less than, the estimated national health impacts of
poor water and sanitation at the household level— UNDP (2002); Chapter 3
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The indirect impacts of home cooking fires on ecosystems include the widespread use of trees
and crop residues in the developing world, although the direct impacts of this with regard to
deforestation is disputed.

Regional impacts

Many pollutants cause harm at the regional level. Urban air quality in both the industrialized
and developing world is adversely impacted by fossil fuel use (largely from motorized
transportation) causing a range of direct health harms.

Urban air quality

Over 60% of Australians live in coastal capital cities, High radiation levels, high summer temperatures
and location in coastal basins surrounded by hills, make Australian urban areas susceptible to
photochemical smog and to its recycling or concentration over areas of the airshed... Motor vehicles
are the major emitters of air pollutants in urban Australia, coniributing more than 75% of the carbon
monoxide emissions and most of the oxides of nitrogen and organic compounds. Emissions include
very fine particles that contribute to urban haze and adverse health. The phase-out of leaded petrol
(complete by 2002) means that lead in air is no longer a concern for any major urban area.

During 1980 to 1999, the eight-hour Air NEPM Standard for carbon monoxide has been exceeded in
areas of high traffic density and low traffic flow, but the problem is not widespread. For nitrogen
dioxide, only Sydney has shown exceedences and then on only one day per year. In urban Australia,
ambient sulfur dioxide concentrations rarely exceed Air NEPM values except near petroleum
refineries, or petrochemical or chemical industries. Emissions of oxides of nitrogen and hydrocarbons
react with sunlight to eventually form ozone, whose concentrations provide an estimate of
photochemical smog. Since the 1980s, the maximum value of hourly ozone concentrations has
declined steadily in the biggest cities. However, for the maximum amount averaged over four hours,
there has been no decline, and hence no real drop in the level of photochemical smog. This indicates
that the stricter vehicle emission limits proposed for the future will be needed to reach and maintain

the Air NEPM standards.

Airborne dust is often the only significant air quality issue in regional Australia. Strong winds
influence levels of dust which can be attributed to natural sources as well as wind-blown erosion in
cultivated or stocked areas and to mining. Particulates also arise from bushfires, burning off and
domestic wood fires. Maximum PM10 concentrations vary greatly. The Air NEPM allows five
exceedences per year of the 24-hour average of 50 pg/m3. Most regions comply, but wood burning in
Launceston (Tas.) and Armidale (NSW) results in obvious exceptions. In Armidale, there were many
days in 1997 and 1999 when ‘local visual distance’ was below 2 km. Environment Australia (2001)

Estimating the health costs of air quality issues in the industrialised developed world is fraught
with difficulties. One set of estimates from the European ExternE program is shown below.

UNDP (2002); Chapter 3

TADLE 3.8. AIR PDLLU'fANT EMISSIONS AND EST[MA'&ED HEALTH COSTS FOR EUROPEAN
POWER PLANTS EQUIPPED WITH THE BEST AVAILABLE CONTROL TECHNOLOGIES

Unit health cost Natural
{cents per gram) Pulverised conl 495 oM
steam-electric Blnee
_ cycle -
;Sulphur Nitrogen: Sulphur  Nitrotien ' Nitrogen Sulphur | Nitrogen '
“dioxide oxides © VM40 dioxide oxides _ PN oxides  dioxide ~ oxldes FMio -
Typlcal 1.0 1.6 1.7 1.0 2.0 0.2 012 1.0 3.2 0.3 4.5 0.18
Urhan 1.5 2.3 5.1 1.0 2.0 Q2 Q.12 1.8 4.6 0.5 6.7 0.23
Rural 0.7 11 0.5 1.0 2.0 02 0.1 0.7 2.2 a1 a0 0.1

Mote: These calculations were ¢amiad out as part of the Europsan Commission's ExtemE Program. Studles under the program have estimated ths
sconamic valuss of health impacts by assessing people's willingness to pay to aveld adverss health effects. The health cost estimates shown are
median values; the 68 percent confidznce Interval is 0.25-4.0 times the median cost. Sneirve: Ralbf aiid Sxidarn, 2000,
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The indirect regional impacts of our energy systems, ie those impacts on our ecosystems that
effect human welfare, are widespread. They include the impacts of poor air quality on
agriculture and regions of great conservation value.

Global impacts

The environmental transition of the 20th century—driven by more than 20-fold growth
in the use of fossil fuels and augmented by a tripling in the use of traditional energy
forms such as biomass—has amounted to no less than the emergence of civilisation as a
global ecological and geochemical force.

UNDP (2002); Chapter 3.

The term ‘global impacts’ refers to both the enormous individual and regional impacts summed
over the planet, but also the emergence of impacts that are truly global in terms of potential
impact and the common role of pollutants regardless of where they are emitted.

Acid rain caused transnational pollution impacts in Canada (from US coal fired generation) and
the Nordic countries (from UK coal fired generation).

Global warming, however, represents a new type and scale of problem. GHG emissions from
the United States contribute to global warming in exactly the same way as those from China or
India. Similarly, the projected impacts of global warming leave few countries unaffected in any
way, although the extent of GHG related problems may vary greatly.

Furthermore, CO2 from fossil fuel use isn’t a pollutant in the traditional sense; an unwanted and
harmful by-product of a process. It’s integral to the release of potential chemical energy stored
in fossil fuels. Note the range of roles that fossil fuels play in the warming effect — obviously
through CO2 emissions but also methane (more commonly known as natural gas) and even via
the cooling effect of aerosols - the more traditional pollutants of power generation and car use.

TABLE 3.5. CHANGES IN EARTH'S ENERGY
BALANCE, PRE-INDUSTRIAL TIMES;‘1_992

Global ayerage watis

Eifect per square metre
DCirect effect of increasing carbon dioxide 1.6+ 02
Direct effact of increasing methana 0.5+ 01
Direct effect of increasing halocarbons 0.25 + 0.04
Direct effect of increasing

tropospheric ozone 0402
Direct effact of decreasing

stratospheric czone 01002
Direct effect of tropospheric asmsols 0.5+ 0.3
Indirect effect of tropospheric asrosols -0.8 08

Direct effact of natural changes
in selar output (since 1850 0.3 +01

e PCC F990d,
e 4G B9 NDP (2002)
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Sustainability trends

Energy services

In 1993 there were nearly 1.8 billion people in the world without access to commercial
energy. Despite efforts to connect roughly 300 million people to electricity grids or to
provide them with modern biomass and other commercia} energy over the last eight
years, there are still an estimated 1.6 billion people in such a situation. Four to five
hundred million people out of the 1.4 billion to be born between now and 2020 will join
them. Most of these people are in rural areas and shanty towns in developing countries.

World Energy Council (2002)

In summary, commercial power is reaching more people, yet is struggling to keep up with
population growth in developing countries.

Energy services for people in the industrialized continue to expand, as outlined below for the
case of the United States.

Eneray use in the United States

Houses. In 1973 the average new home was 1,600 square feet for the average family of
3.6 people; by 1998 the average size had increased to 2,100 square feet even though the
average family had shrunk to 3.0 people.

Appliances. The penetration of energy-intensive appliances has increased. FFor example,
in 1973 fewer than 40 percent of homes had central air conditioning. But in 1998 more
than 80 percent had it. Forty percent of homes had two or more television sets in 1970;
by 1997, the percentage was 85 percent. And homes with dishwashers increased from
19 percent in 1970 to 57 percent in 1996.

Transport. Americans are driving automobiles more than ever, primarily because there
are more wage earners per family and more urban sprawl. Households with three or
more cars increased from 4 percent in 1969 to 20 percent in 1998. From 1983-95
average commuting distance increased by one-third, from 9.72 to 11.6 miles. And only
15 percent of commuters use public transit. UNDP (2002); Chapter 2

Environmental impacts — _ :
. FIGURE 3.10. ENVIRONMENTAL RISK TRANSITION

The trends for the environmental impacts of our

energy systems is mixed, as demonstrated in the 4 " ousehold santation
graph below. What we are seeing, with increasing g Urban s poittion
wealth, is a transition from direct household impacts & A Greenhousa

towards global impacts. The air pollution hump is N, 9 emisgions

the response of wealthier urban societies to act on
the health impacts of such polluticn. Some of the

worst air quality is found in the large cities of the

developing world.

With respect to global warming emissions, CO2 is increasing weallh

responsible for some 60% of warming, and fossil

o . -
fuel. use for abo_ut 75% of COZ emissions. ‘ Stifting environmental burdens
Emissions continue to grow as shown below. Fossil Local »-Global
' ' . " Immediate e Delayed
fuel production also contributes, in a less significant Threatan heaith 3= Threaten scosyslems

way, to methane and Nitrous Oxide emissions.

Sonrve: Metirurbent and olbiss, 2000; Surith awed Abber 1900,
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Indicators of the human influence on the atmosphere
during the Industrial Era

{a) Global atmospheric concentrations of three well mixed
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Projections

We should first briefly consider the differences between projections, forecasts or predictions,
and scenarios. While the terms are often used interchangeably, a projection is just that —a
projection from current data and historical trends into the future. A prediction or forecast on the
other hand represents a best guess about the future based, perhaps, on projections but with
added judgments. Scenario planning differs again in being a process of generating hypothetical
alternative futures to help explore decision making.

There are a range of projections available according to how historical trends are analysed. The
International Energy Agency projections are shown below
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World Primary Energy Supply by Fuel
1971-2020
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The history of projections, however, gives some reasons to doubt them. See for example Amory
Lovin’s scenario of a soft energy path which shows the actual growth in energy consumption
over the last 25 years compared to projections made at the time.

Lovins (2001)
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Present Energy Drivers

It was physicist Niels Bohr who said that “Prediction is always difficult, especially about the
future.” Is trend necessarily destiny? This is what the Australian Treasury has to say

Forecasts. .. “should be seen as no more than approximate outcomes centred on a range
of plausible possibilities, conditional on a number of assumptions”

Commonwealth of Australia, 1985
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Another approach looks at the present drivers in energy system development, and how they may
have changed over recent times. The major drivers in global energy systems at present are often
classified in terms of

* rapid technological development — particularly in small-scale, power conversion devices

*  widespread market restructuring — particularly the introduction of competition into
previously government or monopoly owned service providers

* increasing environmental concerns, particularly with regard to global warming.

* growing energy security concerns.

These represent significant shifts from earlier drivers in the time periods from which projections
often draw up. Note the mix of ‘means’ and ‘ends’ in this list. The potential for our society to
act on global warming is explored in the next section. All of these drivers can contribute to
transformation of our energy systems towards greater sustainability. Whether they do depends
on how we, as a society, decide on our ‘ends’, that is objectives.

Future sustainable energy systems

What has to be done

The two key sustainability issues that have to be addressed by society are, as noted earlier,

+ delivery of adequate energy to meet societal needs and enable ongoing human development
and welfare

« the need for energy systems that don’t threaten the prospects of future generations or the
integrity of our ecosystem.

Energy services

The first issue is key and has two steps — the near term provision of essential energy services to
the poor of developing countries, and in the longer term, the potential for all people to enjoy the
same energy services as those of the rich industrialised world.

This will necessarily affect patterns of global energy consumption, and adds to the challenge of
the second key issue of sustainability — reduced environmental impacts, particularly from the
use of fossil fuels. Note, however, that providing the poor with decent energy services doesn’t
necessarily have to add greatly to overall energy consumption.

If all developing countries achieved a level of energy services comparable to that of
Western Europe in the 1970s, and if they deployed the most efficient energy
technologies and energy carriers available in the 1980s, what would be the per capita
energy consumption corresponding to this vastly improved standard of living?

The surprising answer was that, provided that the most energy efficient technologies
and energy carriers available are implemented, a mere 1 kilowatt per capita—that is, a
10 percent increase in today’s energy per capita—would be required for the populations
of developing countries to enjoy a standard of living as high as that of Western Europe
in the 1970s. [note that Africa currently averages per capita energy of 0.8 kW]. In other
words, dramatic increases in living standards in developing countries can theoretically
be achieved with small inputs of energy.

UNDP (2002); Chapter 2.
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The longer-term question of equal worldwide opportunity to enjoy energy services equivalent to
the present energy rich is, however a different question. If everyone on earth lived like
Americans, global GHG emissions would be some five times present levels.

GHG emissions

The question of acting on GHG emissions is really one to initially be asked of the energy rich,
mainly to be found in the industrialised world. The Kyoto Protocol calls for general emission
reductions from industrialised nations of an average 5% or so, over the period 1990 to 2008-12.
Stabilising GHG concentrations, however, has been estimated to require emission reductions of
the order of 60% or more for industrialised countries, given equity concerns with the developing
world. If, as some argue, the Kyoto targets are unachievable without casting the entire world
into economic doom and gloom, then what hope is there for the more meaningful emissions
required?

Scenarios

The most common framework for exploring action on global warming has been that of scenarios
—a range of possible futures given different societal directions on a wide range of issues The
Intergovernmental Panel on Climate Change uses scenarios to explore possible carbon
emissions, most recently in their Third Assessment Report or TAR which was released in 2001.

The UNDP World Energy Assessment uses scenario analysis and uses three particular scenarios
to explore possible energy futures, as shown in the table below.

Exercise 6

a) Implicit in both the high growth and ecologically driven scenarios is rapid technological
development. They represent, however, two different views of what drives technological
development — explain.

Energy and Sustainable Development 31



TABLE 5. SUMMARY OF THREE ENERGY DEVELOPMENT CASES IN 2050 AND 2100 COMPAFIED .

Cose A

Case B

High growth Middle growth  Escingleally drivan
Popalation filliens) 1930 6.3 5.3 53
2050 101 104 10.1
2100 M7 1.7 1.7
Gross world product [irillions of 1920 dollars} 1990 20 20 2
2050 100 B 75
2100 400 200 220
Gross woil produst (annual percenlage change) 18a0-2050 High Madium Madium
418E0-2100 27 22 22
25 21 22
Primary energy intansity (megajeulas per 18890 dollar 1930 8.0 190 18,0
ol gross world producy 2050 104 1.2 8.0
2100 6.1 7.3 4.0
Primary energy intansity impravament rate (annual parcentags change] 1950-2050 Medium Lenw High
16590-2100 -0.9 -D.3 ~1.4
=1.0 -0.8 =14
Primary energy consumption (exajoules} 1290 38 e are
2050 1,041 B3z 603
2100 1,858 1,464 280
Cumulative primary enaigy consumplion, 1060-2100 Coal 8.9-307 17.6 T1=T2
{thousands of exajoules] oil 276 -157 183 10.8
Natural gas 18.4 -20.7 15.8 122 -126
Nuclear enzrgy B2-112 105 21=- B2
Hydmpower 4.7- 42 16 3.6~ 49
Biomess 7ol -143 2.3 0.1-104
Sclar ensrgy 18- 7.7 1.9 6.39- Tud
Other 4.0~ 47 4.3 14- 22
Globd total 94.0-04.9 7.2 560
Energy tachnology ¢ost raducdons (through learring) Fossil High Madiurm Low
Non-fossil High Madium High
Energy tzchnology diffusion rates Fossil High Modium Medium
Non-fossit High Madium High
Envilmnmental taxes fexaluding catban diakide taxes} Ho No Yas
Sulphur dizsida emissions (milliens of tennes of sulphur) 1930 =46 58.6 585
2050 44,8 —54.2 s4.8 2241
2100 B.5-554 53.3 7.1
Caibon dioxida ernission constraints and laxes He Ho Yas
Natcaibon cioxicle emissions [gigatennes of carbon) 190 ] € B
2050 9~18 10 5
2100 6-20 " 2
Cumulative caibon diexida emissions {gigatonnes of caibon) 1920-2100 910-1,450 1,000 540
Garlan dioxida cencentrations (parts per millian by wolume) 1990 358 S5 953
2050 460 -510 470 4310
2100 590 - 730 20 430
Carbon inlansity {grams of carbon per 1900 dallar of gross world product) 1900 230 280 280
2050 00 - 140 130 7
2100 20~ €0 B0 10
lnwestmants in enargy supply sector ftillions of 1000 dollars) 1980-2020 15.7 124 B4
200-50 4.7 23 141
20=0-2100 3.7 23 433
Nurmber of scenarios 3 i 2

Tha three cases unfold inta sk scenarios of energy system alternatives: three case A scenarios {A1, ample oil and gas; AZ, return to coal;
and A3, non-fessil future), a single case B scenario (middle course), and twe case C scenarios (C1, new renewables; and C2, new renawables
and siew nuelear), Some of the scenario characteristics, such as cumulative energy consumption, cumulative earbon. dioxide emissions, and
Swrve Nrlibenoetd Grsill; and $elwald 1E98,

dacarbonisation, are shown as ranges for the three case A and two C scenarios.
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The example of the IT and communications industries has been used to support the potential of
one of the above approaches. Do you see fundamental differences between these, and the energy
sector in the developed world that might make it hard for clean and green energy to take off in
the same way?

What is clear from all of these scenarios is that to create sustainable energy systems that help us
avoid dangerous global warming we will have to change just about everything that we are
currently doing. Although we don’t know exactly what all these changes will be, we do know
where to look and where to start.

A framework for action

This section will consider the two major engineering, systematic approaches for reducing the
environmental impacts of society’s energy systems

»  improved efficiency throughout the energy conversion chain through to delivery of energy
services

» atransition to lower emission fossil fuels and renewable energy resources.

Key to both of these, however, is innovation.

Innovation and the role of technology

The term ‘innovation’ is used in many different ways and contexts. We take it to mean the
practical application of new ideas. If we accept that we have to change just about everything
with respect to our present energy systems then innovation is clearly essential. Its key themes
are, from our definition above, invention and application.

What do we mean by ‘technology’ and technical innovation? Again, these terms are used in
widely different ways. We will take it to mean the following:
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The Art of Knowing
The study of technology concerns what things are made and /ow things are made.

Technology, from the Greek science of {practical) arts, has both a material and an
Jmmaterial aspect.

Pz, AL B

Technology = Hardware + Software + “Crgware”

e
ﬁ'% Hardware: Manufactured objects {artifacts)
Hardware
. Software: Knowledge required to design, manufacture, and use
%%’# technology hardware
Software \ .
e "Qrgware™: Instltutional settings and rules for the generation of
‘%.#";" technological knowledge and for the use of technologies
Oraweare IIASA (2002)

Note that the word technology also has a Latin root 'technologia’, meaning a systematic
treatment — systems thinking arises yet again!

The critical role of technology innovation in finding solutions to societal problems is widely
acknowledged. The Intergovernmental Panel on Climate Change has identified “technology as a
more important determinant of future greenhouse gas emissions and possible climate change
than all other driving forces put together” (IIASA, 2002).

Some key themes to keep in mind when thinking about technology and innovation

+ Its not just about widgets, but integrated socio-technical systems and societal change.

+ Change can be at the scale of components of existing systems (evolutionary) or involve the
development of entirely new systems (revolutionary).

Existing infrastructure often shapes our options, particularly in the short term.

»  Note the difference between operational changes (ie how do we operate the systems that we
have) versus investment changes (ie how do we change the systems that we have).

Energy efficiency

The term energy efficiency is used in a number of ways. It has a technical meaning, yet also a
more broad subjective concept. The technical concept relates to the efficiency with which a
level of service is provided.

Energy efficiency is the relative thrift or extravagance with which energy inputs are
used to provide goods or services. Increases in energy efficiency take place when either
energy inputs are reduced for a given level of service or there are increased or enhanced
services for a given amount of energy inputs. EIA (2002)

A broader view of efficiency gives more thought to the types of energy services
involved.
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Exercise8 =

The US Energy Information Agency might well argue that taking the stairs rather than the lift up
to your office is not more energy efficient but, rather, means that you are receiving less energy
services. What do you think?

Technical efficiency
There are technical efficiency options and opportunities in our energy systems at
» end-use; eg more fuel efficient cars, high efficiency home appliances

« energy distribution — eg more efficient transformers within the electricity distribution
system

«  energy conversion at the supply side — eg the latest coal fired generating plant can have 40%
efficiency in comparison with the 35% of conventional plant, the latest Combined Cycle
Gas Turbine generating plant can have 55-60% efficiency, while Cogeneration can have
even greater efficiency measured by electricity and heat generation.

Beyond the environmental outcomes considered here, energy efficiency has all the other
advantages that come with using less of something, i.e.
« cosf savings on energy

+ the potential to avoid having to upgrade infrastructure capacity given energy consumption
growth from other factors like population growth

» increased security of supply where non-renewable resources are being used.

Lower emission fossil fuels and renewable energy resources

To accompany greater energy efficiency, our society is going to have to begin a transition to
lower emission fossi! fuels and renewable sources.

‘Cleaner’ fossil fuels

For fossil fuels

» Coal is almost all carbon and releases around 93-100 gCO2/MJ of energy

s  Oil is a mix of liquid hydrocarbons and releases 72-80 gCO2/MJ

» Natural gas is the simplest hydrocarbon (CH4) and releases approximately 55 gCO2/MJ.
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Again, a systems view is required to more carefully evaluate the options. For example, the
efficiency of combined cycle gas fired generating plant is also considerably higher than that of
coal fired units leveraging even greater advantages. However, natural gas that leaks from gas
supply infrastructure is an extremely potent global warming gas and some argue that this may
counteract its advantages as a fuel source.

Gas has reduced emissions of many of the other pollutants associated with fossil fuels — some
would go so far as to call it the ‘clean’ fossil fuel. That is somewhat controversial, however, the
importance of moving from ‘dirty” fossil fuels like coal towards a greater role for gas is widely
accepted and appears to be underway — world coal consumption has fallen over the last decade
while gas is the fastest growing energy source. Well, except for a number of renewable
technologies as you’ll see in the next section.

Example — hot water services

Consider the options for hot water heating here in Australia. Many households, and the great majority of
rental properties, have electric hot water systems. Our electricity is about 90% coal fired, so the energy
conversion chain is remarkably inefficient. Gas fired generation is more efficient than coal. Even better,
however, is a hot water system which burns gas directly. Or you can get a solar hot water system. The key
question in its environmental performance is the boosting energy source. Electricity boosted hot water in
many parts of Australia can actually cause more GHG emissions than a non-solar gas fired unit. A gas
boosted solar hot water heater is the most environmentally friendly option, or is it?

Renewables

Renewable energy resources can be generally categorised as

»  Solar — incorporating solar thermal and photovoltaics, also wind, biomass and hydropower

*  Geothermal — driven by the internal heat of the planet

»  Marine energy — with solar energy a major indirect contributor to this resource

The overall size of the resource is very large for many, although not all, of these resources as
shown carlier. The categories of conversion technologies are shown in the table below.

TABLE 7.1. CATEGORIES OF RENEWAEBLE ENERGY, CONVERS[ON TECHNOLOGIES B

[ Technoloay
Biomass energy
Combustion(domestic scale)
Combustion (Industrial scale)
Gaslffication/power production
Gaslfisatlons fuel production
Hyclrelysis and ferméntation

Pyrolysls/production of liquld fusls
Pyrolysis/production of salid fuels
Extraction

Digestion

Enery product

Heat (cooking, space heating)
Process heat, steam, electricity
Electricity, heat (CHP).
Hydrecarbons, methanel, Hp
Ethanol

Blo-alls
Charcoal
Biodiesal
Biogas

Application

Widaly applied; lmproved technologles avallable

Widely appllad; potentlal for improvement

Demongtration phase

Dawvelopment phase

Commercially applled for sugar/ starsh crops; productlon from wood
under davelepment

Pliot phase; some technical barriers

Midely applied; wide range of efficlencias

Applied; relatively axpensive

Commergially applled

wind energy
Water pumping and batiery charging

Movemant, power

Small wind machines, widely applid

Solar thermal elegtrigity
Low-temperalure solar enemy use

Pazshie solar energy use
Artificial photosynthesls

Heat, steam, electricity

Heat {water and space heating.
e¢ooking, drying) and cold

Heat, cold, light, véndilation

Ha or hydrogen rich fuals

Onshors wingd turbines Elzetricity Widely applled commerclaily

Cffshare wind turbines Elactricity Development and demonstration phas=

Solar energy

Photowcitale solar enerqy conversion Electricity Widely applisd; rather expensive; further development nesded

Dameonstrated; further devalopment needed

Solar collactors commercially applled; sofar cookers widely applled in
some regions; solar drying demonstrated and applied

Demanstrations and applications; no active parts

Funciamanial and applied research

Hydropower

Power, electriclty

Commerclally appliad; small end large scale applications

Geothermai energy

Heat, steam, electricity

Commerclally applied

Marlhe energy

Tlclal snergy

Wava energy

Current ensrgy

Ocean thermal Snergy converslon
Salinity gradient / osmolic snergy
Maring biomass production

Electricity
Elactriclty
Elactriclty

Heat, electricity
Elaclriclty

Fuels

Applied; relatively expenshve

Rasearch, development, and demonstration phase
Reszarch and development phass

Research, development, and demonsiration phase
Theoretical option

Research and cevelopment phass
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Renewables make a relatively minor contribution to energy supply in much of the developed
world although this may be changing. Wind and solar photovoltaics have been the fastest
growing energy sources over the last decade — growing at a rate an order of magnitude higher
than that of fossil fuels, as shown in the table below. It’s important to note that this is from a
small base, however, oil only contributed 2% of world energy supply in 1900 at the beginning
of what was to become the oil century.

TABLE 4. CURRENT STATUS AND POTENTIAL FUTURE COSTS OF RENEWABLE. ENERGY TECHNOLOGIES

Increase
in Installed
capaclty In
past five years
{percent
a year}

Turmkey
Investment
cosis (WS, '
dotlars par

kllowatt)

Potential
futere
©ehergy cost

Energy
production,
1888

Operating
capacHy,
engd 1998

Capacity
factor
(percent)

current
eHetgy cost

Technology

Biomass energy

Electricity K] 40 Gwe 25-80 160 TWh (&) 900-3000 5-15 ¢/kWh 4-10 o/KWh

Heat? =3 > 200 GWth 25-80 > 700 Twh {th) 260-750 1-5 e/kwh 1-5 a/kVh

Etharol =3 18 hillion litres 420 PJ 8-25 §/Gd 6-10 $/GJ
Wind electricity =30 10 GWe 20-30 18 TWh (€} 1100-1700 5-13 e/kWh 3-10 ¢/KWh
Solar phetovoltaic =30 500 MWe 8-20 0.5 TWh () 5000-10000 | 25-125 o/kWh 50or6-25
electricity : ¢/kWh
Solar thermal =5 400 MWe 20-35 1TWh (g} 30004000 12-18 o/kWh 4-10 o/kWh
electricity
Low-temperature =8 18 GWith 820 14 TwWh (th} 500-1700 3-20 &/k'Wh 2or 3=-10
solar heat {30 million m3 c/KWh
Hydroelectricity

Large @2 540 GWe 3550 2510 Twh (g 1000-3500 2-8 e/kWh 2-8 ¢/KWh

Small =3 23 GWe 20-70 20 TWh (e) 1200-3000 4-10 o/kWh 3-10 e/kWih
Geothermal energy

Electricity = d 8 GWe 45-90 46 TWh (e) 800-3000 2-10 e/kWh | 1 or 2-8 ¢/KWh

Heat =B 11 GwWith 20-70 40 TWh {th} 200-2000 0.5-5¢/kWh 0.5-5 ¢/kWh
Marine energy

Tidal 0 300 MWe 20-30 0.6 TWh (e} 1700-25C0 8-15 ¢/kWh B-15 /kWh

Wave - exp, phase 20-3s Unclear 1500-3000 8-20 ¢/kWh Unclear

Current - exp. phase 25-35 Unclear 2000-3000 8-15 o/kWh 5-7 ¢/kWh

OTEC - exp, phase 70-80 Unclear Unclear Unclear Unclear

Mote: The cost of grid-supplied electicity in urban areas ranges from 2-3 (o/kWh (ofi-peak) to 16-25¢/kWh) (peak), See chapter 11.
a. Heat embadied in steam (or hot water in district heating), often produced by combined heat and power systems using forest residues, black liquer,
Spiere: Chiapler 7.

UNDP (2002); Overview.

or bagasss.

Exercise 9

It can be seen from the table above that wind power and photovoltaics are currently growing at
some 30% a year. What do you think are the main factors that determine how fast an industry
can grow — for example limits on financial resources, existence of a skilled workforce, size of
the industry etc etc) Consider examples of other industries that have grown at a very fast rate.
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In the Australian context, three renewable technologies seem particularly important

Biomass — because of the large resources available, the potential to create both electricity
and liquid and gas fuels, the inherent energy storage of the biomass fuel and the potential to
integrate biomass energy generation into existing activities.

Wind — the great global renewable success story of the last decade. It is a large resource and
the technology has advanced significantly. Many countries are currently installing very
large wind farms - Denmark now obtains more than 15% of its electricity from wind.
Australia has a very large resource and a growing number of wind farms.

Photovoltaics — although the contribution of this technology to current energy usage is very
low the technology is very clean, has a wide range of possible applications, can be easily
integrated into the built environment and promises significant cost reductions with increased
production.

Some of the key issues to consider with renewables are

Many renewable resources are variable and somewhat unpredictable — this has implications
for their integration into existing energy systems, and energy storage

Some renewables can be associated with significant land use issues — for example the
burning of residues from native forest logging operations to generate electricity. Other
examples of potentially undesirable impacts might be the visual intrusion of large wind
farms in areas of scenic beauty. The key point is that you have to assess the sustainability of
particular renewable technologies and particular applications in terms of systems and
projects.

Renewable techniologies are generally responsible for far less GHG emissions than fossil
fuels. Note, however, that there arc questions with some biomass resources given the energy
inputs required to grow, collect and use them.

Renewables generally create less other pollution than fossil fuels. Note, however, that some
forms of biomass use can create very significant air pollution.

Many types of renewable energy are delivered ‘free’ to the place of use. This can greatly
reduce the length of the energy conversion and supply chain, and this can have important
benefits in terms of energy security. Consider that a solar hot water system will deliver a hot
(well, perhaps only warm) shower even if your electricity and gas has been cut off.

For many renewable technologies, the great expense is in up-front investment as the fuel is
free and the equipment requires little maintenance. This is very different from most fossil-
fuel plant where fuel costs over the plant’s life are far more than the capital cost of the
equipment. This has important implications for financing renewables.

The different renewable technologies are in very different phases of the technology
development cycle. Some are quite mature and it might be expected that cost reductions can
arise from up-scaled manufacturing but not technical breakthroughs. Others are still
undergoing rapid innovation with the potential for technological breakthroughs and rapidly
falling costs.
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Does the use of residues from native forest logging operations to fuel small-power stations
actually create renewable energy? Explain your reasoning,

Summary

In this unit we have considered the present status and trends of our society’s energy systems
with regard to two key measures of sustainability — the provision of energy services to all, and
the environmental impacts of the systems.

We then considered what would need to be achieved in order to make our energy systems more
sustainable, and outlined a framework for taking action. The two key tools are energy efficiency
and a transformation towards cleaner fossil fuels and renewables.

Finally, always keep in mind the role of systems thinking in getting our energy systems right

Systems thinking. In today's complex world, designers and decision-makers too often
define problems singly, without due attention to their causes or connections, and devise
narrow "solutions" that merely shift the problem or create new ones in its place.

RMI (2002)
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An Introduction to Solar Energy

Eric W. Brown

fenericiaces. neu. edi

In today's climate of growing energy needs and increasing environmental concern, alternatives to the use
of non-renewable and polluting fossil fuels have to be investigated. One such alternative is solar energy.

Solar energy is quite simply the energy produced directly by the sun and collected elsewhere, normally

the Earth. The sun creates its energy through a thermonuclear process that converts about 650,000,000%
tons of hydrogen to helium every second. The process creates heat and electromagnetic radiation. The
heat remains in the sun and is instrumental in maintaining the thermonuclear reaction. The
electromagnetic radiation (including visible light, infra-red light, and ultra-violet radiation) streams out

into space in all directions.

Only a very small fraction of the total radiation produced reaches the Earth. The radiation that does
reach the Earth is the indirect source of nearly every type of energy used today. The exceptions are
geothermal energy, and nuclear fission and fusion. Even fossil fuels owe their origins to the sun; they
were once living plants and animals whose life was dependent upon the sun.

Much of the world's required energy can be supplied directly by solar power. More still can be provided
indirectly. The practicality of doing so will be examined, as well as the benefits and drawbacks. In

addition, the uses solar energy is currently applied to will be noted.

Due to the nature of solar energy, two components are required to have a functional solar cnergy
generator. These two.components are a collector and a storage unit. The collector simply collects the
radiation that falls on it and converts a fraction of it to other forms of energy (either electricity and heat
or heat alone). The storage unit is required because of the non-constant nature of solar energy; at certain
times only a very small amount of radiation will be received. At night or during heavy cloudcover, for
example, the amount of energy produced by the collector will be quite small. The storage unit can hold
the excess energy produced during the periods of maximum productivity, and release it when the
productivity drops. In practice a backup power supply is usually added, too, for the situations when the
amount of energy required is greater than both what is being produced and what is stored in the

container.

Methods of collecting and storing solar energy vary depending on the uses planned for the solar
generator. In general, there are three types of collectors and many forms of storage units.

The three types of collectors are flat-plate collectors, focusing collectors, and passive collectors.

Flat-plate collectors are the more commonly used type of collector today. They are arrays of solar panels
arranged in a simple plane. They can be of nearly any size, and have an output that is directly related to
a few variables including size, facing, and cleanliness. These variables all affect the amount of radiation

that falls on the collector. Often these collector panels have automated machinery that keeps them facing
the sun. The additional energy they take in due to the correction of facing more than compensates for the

energy needed to drive the extra machinery.

Focusing collectors are essentially flat-plane collectors with optical devices arranged to maximize the
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radiation falling on the focus of the collector. These are currently used only in a few scattered areas.
Solar furnaces are examples of this type of collector. Although they can produce far greater amounts of
energy at a single point than the flat-plane collectors can, they lose some of the radiation that the flat-
plane panels do not. Radiation reflected off the ground will be used by flat-plane panels but usually will
be ignored by focusing collectors (in snow covered regions, this reflected radiation can be significant).
One other problem with focusing collectors in general is due to temperature. The fragile silicon
components that absorb the incoming radiation lose efficiency at high temperatures, and if they get too
hot they can even be permanently damaged. The focusing collectors by their very nature can create
much higher temperatures and need more safeguards to protect their silicon components.

Passive collectors are completely different from the other two types of collectors. The passive collectors
absorb radiation and convert it to heat naturally, without being designed and built to do so. All objects

have this property to some extent, but only some objects (like walls) will be able to produce enough heat
to make it worthwhile. Often their natural ability to convert radiation to heat is enhanced in some way or
another (by being painted black, for example) and a system for transferring the heat to a different

location is generally added.

People use energy for many things, but a few general tasks consume most of the energy. These tasks
include transportation, heating, cooling, and the generation of electricity. Solar energy can be applied to
all four of these tasks with different levels of success.

Heating is the business for which solar energy is best suited. Solar heating requires almost no energy
transformation, so it has a very high efficiency. Heat energy can be stored in a liquid, such as water, or
in a packed bed. A packed bed is a container filled with small objects that can hold heat (such as stones)
with air space between them. Heat energy is also often stored in phase-changer or heat-of-fusion units.
These devices will utilize a chemical that changes phase from solid to liquid at a temperature that can be
produced by the solar collector. The energy of the collector is used to change the chemical to its liquid
phase, and is as a result stored in the chemical itself. It can be tapped later by allowing the chemical to
revert to its solid form. Solar energy is frequently used in residential homes to heat water. This is an
easy application, as the desired end result (hot water) is the storage facility. A hot water tank is filled
with hot water during the day, and drained as needed. This application is a very simple adjustment from

the normal fossil fuel water heaters.

Swimming pools are often heated by solar power. Sometimes the pool itself functions as the storage
unit, and sometimes a packed bed is added to store the heat. Whether or not a packed bed is used, some
method of keeping the pool's heat for longer than normal periods (like a cover) is generally employed to
help keep the water at a warm temperature when it is not in use.

Solar energy is often used to directly heat a house or building. Heating a building requires much more
energy than heating a building's water, so much larger panels are necessary. Generally a building that is
heated by solar power will have its water heated by solar power as well. The type of storage facility
most often used for such large solar heaters is the heat-of-fusion storage unit, but other kinds (such as
the packed bed or hot water tank) can be used as well. This application of solar power is less common
than the two mentioned above, because of the cost of the large panels and storage system required to
make it work. Often if an entire building is heated by solar power, passive collectors are used in addition
to one of the other two types. Passive collectors will generally be an integral part of the building itself,
so buildings taking advantage of passive collectors must be created with solar heating in mind.

These passive collectors can take a few different forms. The most basic type is the incidental heat trap.

The idea behind the heat trap is fairly simple. Allow the maximum amount of light possible inside
through a window (The window should be facing towards the equator for this to be achieved) and allow
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it to fall on a floor made of stone or another heat holding material. During the day, the area will stay
cool as the floor absorbs most of the heat, and at night, the area will stay warm as the stone re-emits the

heat it absorbed during the day.

Another major form of passive collector is thermosyphoning walls and/or roof. With this passive
collector, the heat normally absorbed and wasted in the walls and roof is re-routed into the area that

needs to be heated.

The last major form of passive collector is the solar pond. This is very similar to the solar heated pool
described above, but the emphasis is different. With swimming pools, the desired result is a warm pool.
With the solar pond, the whole purpose of the pond is to serve as an energy regulator for a building. The
pond is placed either adjacent to or on the building, and it will absorb solar energy and convert it to heat
during the day. This heat can be taken into the building, or if the building has more than enough heat
already, heat can be dumped from the building into the pond.

Solar energy can be used for other things besides heating. It may seem strange, but one of the most
common uses of solar energy today is cooling. Solar cooling is far more expensive than solar heating, so
it is almost never seen in private homes. Solar energy is used to cool things by phase changing a liquid
to gas through heat, and then forcing the gas into a lower pressure chamber. The temperature of a gas is
related to the pressure containing it, and all other things being held equal, the same gas under a lower
pressure will have a lower temperature. This cool gas will be used to absorb heat from the area of
interest and then be forced into a region of higher pressure where the excess heat will be lost to the
outside world. The net effect is that of a pump moving heat from one area into another, and the first is

accordingly cooled.

Besides being used for heating and cooling, solar energy can be directly converted to electricity. Most of
our tools are designed to be driven by electricity, so if you can create electricity through solar power,
you can run almost anything with solar power. The solar collectors that convert radiation into electricity
can be either flat-plane collectors or focusing collectors, and the silicon components of these collectors

are photovoltaic cells.

Photovoltaic cells, by their very nature, convert radiation to electricity. This phenomenon has been
known for well over half a century, but until recently the amounts of electricity generated were good for
little more than measuring radiation intensity. Most of the photovoltaic cells on the market today operate

at an efficiency of less than 15 %2 that is, of all the radiation that falls upon them, less than 15% of it is

converted to electricity. The maximum theoretical efficiency for a photovoltaic cell is only 32.3%32, but
at this efficiency, solar electricity is very economical. Most of our other forms of electricity generation
are at a lower efficiency than this. Unfortunately, reality still lags behind theory and a 15% efficiency is
not usually considered economical by most power companies, even if it is fine for toys and pocket
calculators. Hope for bulk solar electricity should not be abandoned, however, for recent scientific

advances have created a solar cell with an efficiency of 28.2% efficiency in the laboratory. This type of
cell has yet to be field tested. If it maintains its efficiency in the uncontrolled environment of the outside
world, and if it does not have a tendency to break down, it will be economical for power companies to
build solar power facilities after all.

Of the main types of energy usage, the least suited to solar power is transportation. While large,
relatively slow vehicles like ships could power themselves with large onboard solar panels, small
constantly turning vehicles like cars could not. The only possible way a car could be completely solar
powered would be through the use of battery that was charged by solar power at some stationary point
and then later loaded into the car. Electric cars that are partially powered by solar energy are available
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now, but it is unlikely that solar power will provide the world's transportation costs in the near future.

Solar power has two big advantages over fossil fuels. The first is in the fact that it is renewable; it is
never going to run out. The second is its effect on the environment.

While the burning of fossil fuels introduces many harmful pollutants into the atmosphere and contributes
to environmental problems like global warming and acid rain, solar energy is completely non-polluting.
While many acres of land must be destroyed to feed a fossil fuel energy plant its required fuel, the only
land that must be destroyed for a solar energy plant is the land that it stands on. Indeed, if a solar energy
system were incorporated into every business and dwelling, no land would have to be destroyed in the
name of energy. This ability to decentralize solar energy is something that fossil fuel burning cannot

match.

As the primary element of construction of solar panels, silicon, is the second most common ¢lement on
the planet, there is very little environmental disturbance caused by the creation of solar panels. In fact,
solar energy only causes environmental disruption if it is centralized and produced on a gigantic scale.
Solar power certainly can be produced on a gigantic scale, too.

Among the renewable resources, only in solar power do we find the potential for an energy
source capable of supplying more energy than is used.2

Suppose that of the 4.5x1 017 k'Wh per annum that is used by the earth to evaporate water
from the oceans we were to acquire just 0.1% or 4.5x101% kWh per annum. Dividing by the
hours in the year gives a continuous yield of 2.90x10'Y kW. This would supply 2.4 kW to

12.1 billion people.2

This translates to roughly the amount of energy used today by the average American available to over
twelve billion people. Since this is greater than the estimated carrying capacity of the Earth, this would
be enough energy to supply the entire planet regardless of the population.

Unfortunately, at this scale, the production of solar energy would have some unpredictable negative
environmental effects. If all the solar collectors were placed in one or just a few areas, they would
probably have large effects on the local environment, and possibly have large effects on the world
environment. Everything from changes in local rain conditions to another Ice Age has been predicted as
a result of producing solar energy on this scale. The problem lies in the change of temperature and
humidity near a solar panel; if the energy producing panels are kept non-centralized, they should not
create the same local, mass temperature change that could have such bad effects on the environment.

Of all the energy sources available, solar has perhaps the most promise. Numerically, it is capable of
producing the raw power required to satisfy the entire planet's energy needs. Environmentally, it is one
of the least destructive of all the sources of energy. Practically, it can be adjusted to power neatly

everything except transportation with very little adjustment, and even transportation with some modest
modifications to the current general system of travel. Clearly, solar energy is a resource of the future.

Footnotes
1. figure from Asimov, Isaac; Understanding Physics: The Electron, Proton, and Neutron; pg. 208

2. figure from Moore, Taylor; "Opening the Door for Utility Photovoltaics"; EPRI Journal, Jan./Feb.
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1987, pg. 7

3. Ibid,;pg. 8

4. Tbid;pg. 6

5. Kuecken, John A.; How fo Make Home Electricity From Wind, Water & Sunshine; pg. 154

6. Ibid.; pp. 154-155
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Both grid-connected and off-grid home renewable energy systems reqguire additional halance-of-system” equipment.

HOW DOESIT
WORK?

« With a stand-afone syslem,

depending on your needs,
balance-of-systam
equipment Gouid aceount
for half of your total system
cosls

Far bolk stand-slona and
grid-cannact systems, you
will meed power
conditioning equipment,
safery equipment, and
medars and
instrurentation.

» For stand-alane systems,
you wilf 2lsa wani patieries
and charge cantrollers.,

http://energy.gov/energysaver/articles/balance-system-equipment-required-renewable-ener...

Whether you decids (o Gonnect your hame renewable enargy system to the slectric grid or not, you
will nead o invest in some additional equipment {called "batance-of-system ) to condition the
electricity, safely transmit the electricity to the load that will use it. andfior store the electricity for

future use.

With stand-alone systems -~ those noi connected to the electric grid — the amount of equipment
you will need to buy depends on what you want your systam to do In the simplest systemns, the
current generated by your systam is connected directly to the equipment that it is powering {load).
However, if you want to store power for use when your system isn't producing efectnetty, you will
need to purchase balteries and a charge controller

Alternating Current {AC) System

FA Modules for other Chavge
senewabla enemy source) congrollar

- :

Procaeesry  Grounding circuit

Grounding circuit & i
Bartery

Efeteic load P}
Depending on your needs, balance-of-system equipment for a stand-alone systerm could account
for half of your total system costs. Your system supplier wilt be able to tell you exactly what
equipment you will need for your situation, but typical balance-of-system equipment for a stand-
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alone sy'slem includes batterias, charge contralier, power conditioning equipment, safety

agquipment, and maters and instrumentation,

A grid-connected system — one that is connected o the eleckic gnd — requires balance-of-system
equipment that allows you ta safely iransmit electricity to your loads and ta comply with yaur power
provider's grid-connection requirements. You will need power conditioning equipment, safety

- equipment, and meters and instrumentation.

BATTERIES FOR STAND-ALONE SYSTEMS

Batteries store eleciricity for use during timas that your system is not praducing electricity (ihe
resource is nat available). Batlaries are most sffactive when used in wind and photovoltaic systems
[variations in microhydropower resources can be more seasonal in nature, so balteries may be lass

useful}.

The "deep-cycle” {generally lead-acid) batteries typically used for smail systems last § to 10 years
and reciaim about 80% af the energy channeled inta them. In addition, these batteries are gesigned
to provide elactricity over long periods, and can repeatedly charge and discharge up to 80% of their
capacity. Automotive baitaries, which are shatiow-cycle (and therefore prone to damage if they
discharge more than 20% of their capacity), should not be used,

The cost of deep-cycie baterias depends on the type. capacity, ciimate conditions under which they
will operate, frequency of maintenance, and chemicals used to store and releass slectricity. Wind or
photovoltaic stand-alona system batleries need to ba sized to store power sufficient to meet yaur
neads during anticipated periods of cloudy weather of low wind. An inexpensiva fossil fuel-pawered
back-up gererator can be used to cover unanticipated or cceasional slumps in the renewable

resource.

For safely, batterias shouid be located in a space that is well veniilatad and isotated from living
areas and electronics, as they contain dangercus chemicals and emit hydrogen and oxygen gas
while being charged. In addition, the space should provide protection from temperature extremes.
Be sure o lacate your balteries in a space that has easy access for maintenance, repair, and
replacement, Batleries can be recycled when they wear out. Contact your system supplier for
infarmation on sizing your batlery pack to meet your specific ngeds.

CHARGE CONTROLLERS FOR STAND-ALONE SYSTEMS

This device regulates rates of flow of elactricity from the generation source to the battery and the
load. The controller keeps the battery fully charged without over-charging it. When the load is
drawing power, the controller ailows the charge to flow from the generation source into the pattery,
the load, or both. ¥YWhan the controlier senses that the battary is fully {or neerly fully} charged. it
reduces of stops the flow of eleciricity from the generation source, or divers it to an auxiliary or
"shunt” load {most commonly an electric water heater).

Many confrollers will afso sense when loads have taken toc much energy from batteries and will
stop the flow until sufficient charge is restored to the batteries. This last feature can greatly extend

the batlery's lifetime.

The cost of controllers generally depends on the empere capacity at which your renewable system

will operate and the monitoring features you want.

POWER CONDITIONING EQUIPMENT

For poth stand-alone and grid-connected systems, you will need power conditioning equipment.

Most electrical appliances and equipmert in the United States run on alternating current (AC)
electricity. Virtually ail the available renewable energy technologies, with the exception of some
salar electric units, produce dirsct current {DC) electricity. To run standard AC appliances, the DC
eteciricity must first be converted to AC slectricity using invertars and related power cond[tioriing

equipment.
There are four basic elements to power conditicning:

+ Conversion - of constant DG power to oscilleling AC power

« Frequency of the AC cycles - should be 60 cycles per sscond

- Voltage consistency - extent to which the output voltage fiuctuates

+ Quatity of the AC sine curve -- whether the shape of the AC wave is jaggad or smooth

Simple electric devices. such as hair dryers and light bulbs, can cun en fairly low-quality electricity
A consistent voitage and smooth sine curve are more important for sersitive elecironic equipment.
such as computers, that cannot tolerate much power distortion

http://energy.gov/energysaver/articles/balance-system-equipment-required-renewable-ener...  1/31/2013
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Inverters condition slectricity so that it matches the requirements of the load. If you plan to tie your
system to the electricity grid, vou will need to purchase conditioning equipment thet can match the
voltage, phase, fraquency, and sine wave profile of the electricity preduced by your system to that

A series of requirements for grid-interactive inverters have been developed by Underwriters
Laboratorias, a leading safaty-testing and certification organization. Thase requirements, referred to
as UL 1741, apply to power-producing stand-alone and grid-connected renewable energy systems.
Either you or your installer should contagt your power provider to saa which models they accept far
grid-connection; most simply require a grid-interactive inverter listed by an organization such as

Underwriters Laboratories.
These factors affect the cost of inverters:

+ Application (utility-inferconnected, stand-afone, or both)

» Quality of the electricity it nesds to produce for stand-alane

+ Voltage of the incoming current

- AC wattage required by your loads {for stand-alone systems only)
- Power required for the starting surge of some equipment

« Additionat inverier fealures such as meters and indicator lights.

When you size your inverter, be sure to plan for any future additional loads you might have. in the
case of a grid-tied system in which you want to enlarge your renewable energy system, itis often
cheaper lo purchase an inverter with a farger input and output raling than you currently need than to :
replace it with a larger one later. . :

SAFETY EQUIPMENT

Safety features protect stand-alene and grid-connected small renewable energy systams from teing
damaged or harming people during events like lightening evenls, power surges, or malfunctioning

« Safety disconnects -~ Automatic and manual safety disconnects protect the wiring and
comgonents of your small renewable energy system from power surges and other equipment
malfunctions. They also ensure that your systemn can be shut down safely for maintenance and
repair. In the case of grid-connected systems, saiely disconne'c(s ensure that your generating
equipment is isolated from the grid, which is important for the safety of people working on the
grid transmission and distribution systems.

Grounding equipment -- This equipment provides a well-defined, low-resistance path from your
system to the ground 1o protect your system against current surges from lightening strikes or
equipment malfunclions. You wiil want to ground both your wind turbine or phetovoltaics unit
itself and your balance-of-system equipment. Be sure fo include any exposed metai (such as
equipment boxes) that might be touched by you or a servica provider.

Surge protection — These devices also help protact your system in the event that it, or naarby
powar lines {in the case of grid-connecied systams), are struck by lightening.

A local elactrician or your installer should be able to provide you with mare information on the safety
features required for your particular situation. Fer additional information on safety and electrical
installation requirements, consult tha Nationz! Electric Code NFPA 70.

METERS AND INSTRUMENTATION
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Meters end ather instruments allow you Lo monitor your smali renewable energy systern's batlary
yoligge. the amouni of power you are consuming. and the level al which your battaries are charged,

for example.

If you are connecting your system ta the electricity grid, you will need maters o keep track of the
sleciricity your system produces and the eleciricity yau use from the grid. Some power praviders will
ailow you lo use a single meter to record the excess electricity your system feads back into the grid
{the meter spins forward when you are drawing electricity, and backward when your system is

producing it).

Pawer providers that don't ellow such 2 net metering arrangement require that you install a second
mater to measure the electricity your system feeds into the grid.
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Grid-Connected Renewable Energy Systems

*When connecting a home energy system to the electric grid, research and consider equipment required as well a3 your power

provider's requirements and agreaments. | Photo courtesy of Solar Design Associates, Inc.

WHAT ARE THE
KEY FACTS?

+ Whils renewahle ensrgy
systems are capable of

powering hauses and small

Husinesses without any

sonnection ta the slectricity

grid, many peapie prefer
the advantages ihat grid-
connectian offers

Aside frem the major small
renewable engrgy system
components, you will need
ta purchase some
additianal equipment to

connzct your sysier to the

efecisic grid.

Grid-cannaclion
raquirements vary widely,
bul reguiations usually
hrave to o with safety ang
pawer guality, contracls
(which may require liability
Insurance}, and metering
and rates.

\Vvhile renewable energy syslems are capable of powaring houses and small businesses withonit
any connaction to the electricily grid, many peopke prefer the advantages that grid-connection

offers.,

A grid-connected system allows you to power your home or smali business with renewable energy
during those periods {daily as well as seasonally} when the sun is shining. the water is nunning, or
tha wind is blowing. Any excess eleciricity you producs is fed back into the grid. When renewabis
resources are unavallable, electricity from the grid supplies your needs, eliminating the expense of
eleciricity storage devices like batteries.

In addition, power providers (i.e., etectric ulilities) in most states aliow net metering, an arrangement -
where the excess elactricity generated by grid-connected renawshle energy syste}ns "turns back"
your slettricity mater as it is fed back into the grid. If you use more electricity than your system

feeds inta the grid during a given month, you pay your power provider only for the difference

between what you used and what you praguced.

Same of the things you need ta know when thinking about connecting your home energy system lo

the electric grid include:

+ Equipment required lo conneact yaur system to the grid
- (3rid-connection requirements from your power provider
+ Stale and community codes and requirements

EQUIPMENT REQUIRED FOR GRID-CONNECTED SYSTEMS

Aside from the major smali renewable energy system components, you will need to purchase some
additional equipment (called "balance-of-system™) in order {o safely transmit electricity to your
loads and comply with your power pravider's grid-connection requirements. You may need the
following items:

http://energy.gov/encrgysaver/articles/grid-connected-renewable-energy-systems
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» Power conditioning eguipment
- Safety equipment
« Meters and instrumentation.

Because grid-connection requirements vary, you or your system supplierfinstaller should contact
your power provider to learn about its specific grid-connection requirements befors purchasing any
part of your renewable energy system. See our page on balance-of-system equipment requirements

for small renewabte energy systems.

GRID-CONNECTION REQUIREMENTS FROM YOUR POWER PROVIDER

Currently, requirements for connecting distributed genaration systems—like home renewable
energy or wind systems—to the electricity grid vary widely. But alf power providers face a common
set of issues in connecting small renewable energy-systems to the grid. so regulations usually have
to do with safety and power quality, contracts {which may require liability insurance), and metering

and rates.

You will need to contact your power provider directly {o learn about its specific requirements. If your
oower provider dees not have an individuat assigned to deal with grid-connection requests, try
sontacting your state utiities commission, state uliiity consumer advocate group {reprasents the
interasts of consumers before state and fedsral regulators and in the courls), state gonsumer

representation office, of state energy office.

ADDRESSING SAFETY AND POWER QUALITY FOR GRID CONNECTION

Power providers want 1o be sure that your system includes safety and power quality components,
These components inciude switches to disconnect your system from the grid in the event of a power
surge or power faliure (so repairmen are not elecirocuted) and power conditioning equipment to
ensure that your powsr axactly maiches lhe voltage and freguency of the electricity flowing through

the grid.

In an attempt t¢ address safety and power quality issugs, several organizations are developing

! naticnal guidelings far equipment manufastures, operation, and installation {your supplier/installer, a
|ocal renewable energy organizatian, or your power provider will know which of the standards apply
to your situation, and how to impiement them}:

« The Institute of Electrical and Electronics Enginears (IEEE) has written a standard that
addresses all grid-connected distifbuted generation including renewable energy systems. IEEE
15472003 provides lechnical requiremants and tests for grid-connected operation. See the
{EEE Standards Coordinating Committee on Fuei Cells, Photovoltaics, Dispersed Generation,
and Energy Sterage for more information.

Underwriters Laboratories {UL) has developed UL 1741 to certify inverters, convarters, charge
contrallers, and output controliers for power-producing stand-alone and grid-connected
renewable energy systems, UL 1741 verifies that inverlers camply with IEEE 1547 for grid-

conniected applications,
The National Electrical Code {MEC), a praduct of the National Fire Protection Association, deais

with electrical equipment and wiring safety.

Although states and power providars are not federally mandated lo adopt these codes and
standards, a number of utility comimissions and legislatures now require regutations for distributed
generation systems to be based on the JEEE, UL, and NEC standards.

In acdition, some states are now "pre-certifying" specific modeis of equipment as safe lo connect to
the slate elactricity grid.

CONTRACTUAL IS5UES FOR GRID-CONNECTED SYSTEMS

When connecting your smail renewable energy system to the grid, you will probably need to sign an
interconnection agreement with your power provider, In your agreement, power providers may

require you to do the following:

~ Carry Hiability insurance - Liability insurarice protects the power provider in the event of

accidents resulting from the operation of your system. Most homeowners carry at least $100,000 :
of liabiliy through their homeownar insurance policies {although you shouid verify that your :
policy will cover your system), \;vhich is often sufficient. Be aware, however, that your power
provider may reguire that you carry mare. Some power providers may also require you to
indemnify them for any potential damage, loss. or injury caused by your system, which can
sometimes be prohibitively expensive

Pay fees and other cherges - You may be asked {0 pay permitting fees, engingeing/inspection
feas, metering charges {if a second mater is installed}, and stand-by charges {lo defray the

power providers cost af maintaining your system as a backup power supply). Identify these

costs early so you can faclor them into the cost of your system, and don't be alraid to question

any that seem inappropriate.
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tn addition to insurance and fees, you may find that your pewer provider requires a graat deal of
paparwork bafore you can move ahead with your system. Howaver, power providers in severat
states are now moving to streamline the coniracting process by simplifying agreements,
establishing time fimits for processing paper work. and appeinting representatives to handle grid-

conneclion inguiries.

METERING AND RATE ARRANGEMENTS FCR GRID-CONNECTED SYSTEMS

With a grid-connected system, when your renewable energy systam generates more elactricity than
you can use at that momant, the electricity goes onto the elactric grid for your utility to use
elsewhere. The Public Lititity Regulatory Palicy Act of 1978 (PURPA) requires power providers to
purchase excess power from grid-connected small renewable energy systems at e rate equel to
what t costs the power provider 1o produce the power itself. Power providers generally implement
this requiremart through various rmatering arrangemeants. Here are the matering arrangements you

are likely to encounter:

+ Nat purchase and sate -- Undsr this arrangement, two uni-directional meters are installed: one
records electricity drawn from the grid, and the other records excess electricity generated and
fard back into the grid. You pay retail rate for the alectricity you use, and the power providar
purchases your excess generation at its avaided cost {wholesale rate). There may be a
significant difference between the retail rate you pay and the power provider's avoided cost.
Net metering -- Net metering provides the greatest benefit to you as a consumer. Under this
arrangement, & single, bi-directional meter is used to record both atectricity you draw from the
grid and the excess electricily your system feeds back into fhe grid. The meter spins forward as
you draw electricity, and it spins backward as the excess is fad into the grid. if, at the end of the
month, vou've used mare electricity than your system has produced, you pay ratail price for that
extra electricity. I you've producad more than you've used, the power providar generally pays
youi for the extra electricity at its avoidad cost. The reat benefit of net matering is that the power
provider essenlially pays you retail price for the eleclritily yout fead back inta the grid.

Some power providers will now let vou camy ovar the balance of any net extra electricity your
systam generates from month to morin, which can be an advantage ¥ tha resource you are using to
generaie your electricity is seasonal. , at the end of the year, you have produced mare than yau've

used, you forfeil the excess generation to the power provider.
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A smalf solar electric or photovoltaic system can be a refiable and poliution-free producer of eleciricity far your home or office.

WHAT ARE THE
KEY FACTS?

+ Batause PV technologies
use both direct and

scatterad sunlight o create

electricity, the salar

resounce across the United

States is ampte for home
salar glectric syslems.

= Solar celis—the basic
building blacks of a PV
system - eonsist of
sericonductos mateniars.

A typical home solar
eleckic, or PV, systemn
consists solar cells,
madules or panels (which
congist of sotar eelis},
arfays (which consist af
modilss), and halance-of-
system pads.

http://energy.gov/energysaver/articles/small-solar-electric-systems

A small solar alectric or photovoltaic (PV) system can be a reliable and poliution4rae producer of
electricity for yaur home or office. Small PV systems also provide a cost-effective power supply in
locations where it is sxpensive or impeossibls to send eleciricity through conventional powsr Iines.

Because PV technologies use both direct and scattered suniight to create electricity, the solar
resource across the United States is ample for home solar electric systems. However, the amount
of power generated-by a solar system at a particular site depends on how much of the sun's energy
reaches it Thus, PV systams, like all solar technolegies, function most efficiently in the
sauthwestern United States, which receives the greatest amount of solar energy

Because of their moedutarity, PV syslems can be designed to meet any eleclricat requirernant, no
matter how Jarge or how small You can connect tem to an electric distribution systam (grid-
conaected), or thay can stand alona [10610}(off-grid). You can also use PV technology to provide
autdoar lighting.

See our other pages for mare information on Pianning A Home Sotar Electric System and
installing and Maintaining A Home Sofar Electric System.

TYPES OF SOLAR CELLS

Solar cells—the basic building blocks of a PV system -- consist of semiconductor materials. Whan
sunlight is absorbed by thase materials, the salar enargy knocks electrons loose from their atoms.
This phenamenon is calied the “pholaglectric effect.” These free electrons then travel into a circuit
huilt inte the solar cell to form electrical current. Our Sofar Pawer Basics animation shows 3
simulation of the photoelectric effect. Only sunlight of certain wavelengths will work efficiently to
create electricity. PV systems can still produce sleclricity on cloudy days, but net as much as on a

sunny day.

Page | of 4
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The performance of a solar for P} el is measured in terms of its efficiency at converting sunlight
into slectricity. There are a variety of aolar cell materials available, which vary in convarsion

efficiency,

SEMICONDUCTOR MATERIALS

Silicon remains tha most popular material for sofar cells, including these lypes:

- Monecrystalline or singte crystal silicon
» Multicrystalfine silican

» Falycrystalline silicon

- Amarphous silicon

The absorption coefficient of a material indicates how far light with a specific wavelength {or energy}
can penctrate the malerial before being absorbad. A smalt absorption cesfficient means that light is

not readily absorbad by the material. Again, tha abserption coefficient of a solar cell depends on two
factars: the material making up the cell, and the wavelength or energy of the light being absorbed.

The bandgap of a semiconductor material is an amount of energy. Specifically, the bandgap is the
minimum energy needed to move an electron from its bound state within an atom (o a frea state.
This free state is where the electron ¢an ba involved in conduction. The lower energy leved of a
semiconduclor is called the "valance band." The higher energy level where an electron is fres to
roam is calied the "conduction band.” The bandgap {often symbolized by Eg} is the energy
difference between the conducticn band and valence band.

Solar cell material has an abrupt edge in its absorption coefficient; because light with energy below
the material's bandgap cannot free an electron, it isn't absorbed.

THIN FILM
Thin fitrm sofar cells use layers of samiconductor materials anly 8 few micrometers thick, Thin film
technology has made it possibie for solar cells to now double as thase materials:

+ Rooftop or solar shingles

+ Roof tites

+ Building facades

+ Glazing for skylights or atria.

Thin-film rooftop or solar shingles, made with various non-crystalline materials, are just now staring
to enter the residential market. The following are benefits of these solar shingles:

+ Attractive integration inle homes
« Dual purpese - serves as both roofing material and pallution-free elediicity producer

+ Durability.

Current issuas with commercially avaiiable solar shingles include their lower efficiencies and greater -
experse compared with the standard home solar electric system. :

SMALL SOLAR ELECTRIC MODULES

The basic PV ar salar celi typically produces only a small amount of power. To produge more
power, solar calls (about 40) can be intarconnected te form pansls or modules. PV modules range
in output from 10 to 300 Waits. If more power is needed, several modules can be installed on a

building or at ground-level in & rack to farm a PV array.
in addition to solar cells, a typical PV module or salar panel consists of these componenis:

+ A transparent top surface, usually glass
« An encapsulant - usually thin sheets of ethyl vinyl acetate that hold together the tap surface,

solar cells, and rear surface
+ A rear layer -- a thin polymer sheet, typically Tedtar, that pravents the ingress of water and

gases
-+ A frame around the outer edge, typicaily aluminum.

Energy performance ratings for PY modules include the following:

+ Peak Watt - Measures the maximum power of a medule under laberatory conditions of refatively
high light level, faverable alr mass. and low cell temperature. These canditions are not typical in
the real world. ’

+ Normal operating cell temperature ~ Measures a module's nominal operating cell temperaiure
after the modula first equilibrates with a specified ambient temperaturs. It resulls in a lower Watt
valua than the peak-Watt rating, but it is probably more reafistic.

http://energy.gov/energysaver/articles/small-solar-electric-systems 1/31/2013
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+ AMPM Standard - Measures the performance of a solar module under more realistic operating
conditions. i considers the whole day rather than “peak” sunshine hours, based on the
description of a standard solar giobal-average day (ar a praclical global average) in terms of
light levels. ambient temperature, and air mass.

HOME SOLAR ELECTRIC 5YSTEM ARRAYS

For home solar electric systems, the most common array design usas flat-plate PV modiies or
panels These panels can eiihar b fixed in piace or allowed io track the movement of the sun

Tha simplest PV amay consists of flat-plate PV modulas in a fixed pasition. These are some
advantages of fixed arrays:

+ No moving parts
+ No need for extra equipment
« A lightweight struclure.

These features make them suitable for many locations, including most residential roofs. Because
the panels are fixed in place, their orientation to the sun is usually at an angle that is less than

optimal. Therefore, less energy per unit area of array is collecled compared with that from a tracking
array. This drawback however, must be balanged against the higher cost of the tracking systam.

ENERGY PERFORMANCE
Solar arrays are designed to provide specified amounts of electricity under certain conditions. The
following factors are usually considerad whan determining array energy performance:

+ Characterization of solar cell slectrical performance

. Determination of degradation factors refated to array design and-assembly

+ Conversion of envircnmental considerations into solar celt operating temperatures
+ Calcutation of array pawer oulput capability.

The amount of efectricity required may be defined by any cne or a combination of the following
performance criteria;

+ Power output -- power (Watts) available al the power regulator, specified either as peak power
or average power produced during ong day.

- Energy output -- the amount of energy {Watt-hour or Wh) praduced during a cerlain periad of
time. The parameters are outpul per unit of aray area (Wh/m?), output per unit of array mass
(wWhikg), and output per unit of array cost (Wiy$).

« Gonversion efficiency -~ defined as "energy output from aray” = "energy mput from sun' x
100%

This tast parameter is often given as a power efficiency, equal to "power output from array” =
"power input from sun® = 100%. Power is typically givan in units of Waits (W), and energy is
typically in units of Wh, or the power in Watts supplied during an hour.

To ensure the consistency and quality of PV systems and increase consumer confidence in system
performance, various groups - such as the Insfitute of Electrical and Electronics Enginsers {IEEE),
the International Electratechnical Commission {IEC), and the American Society for Testing and
Materials (ASTM) -- are working on standards and performance criteria for PV systems.

HOME SOLAR ELECTRIC COMPONENTS

A typical home solar electric system consists of these components:

+ Solar cells

+ Modules or panels (which consist of solar cells)
+ Arrays {which consist of modules)

+ Balance-of-system parts

The balance-of-system equipment required depands on whether the system is a stand-alona
system, connected o the eleclric grid, or & hybrid system. Balance-of-syslem equipmant can

inchude:

+ Mounting racks and hardware for the panels

« Wiring for electrical connections

- Power conditioning equipment, such as an inverter
+ Batteries for electvicity storage {optional}

+ Stand-by gasoline electric generator,

hitp://energy.gov/energysaver/articles/small-solar-electric-systems _ 1/31/2013
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LEARN MORE

+ Planning a Home Solar Eleciric System

- instaliing and Maintaining a Home Solar Electric System

+ Reducing Your Electricity Use

- Planning for a Small Renewabie Energy System

« Balance-of-System Equipmant Required for Renewable Enargy Systems
+ Grid-Connected Home Energy Systems

+ Stand-Alone Home Energy Systems

« Hyhbrid Wind and Solar Eiectric Systems

EXTERNAL RESOURCES

PV Watts Evaluation Tool - National Renewable Enargy Laberatory
In My Backyard Solar and Wind Estimator - National Renewable Energy Laboratory

Photovoitaic Basics
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Wind Energy
Paul N. Rowley

(These notes are condensed from De Montfort University's On-line Wind Energy Training
Course (http://'www.iesd.dmu.ac.ul/-slb/wetcintro.html). Copyright lies with DMU and with the
author. Unlimited copying is permitted for non-commercial purposes only).

Introduction

A wind turbine is designed to extract the wind's kinetic energy and convert this to electricity as
efficiently as possible. This course examines aspects of material and component design, along
with principles of aerodynamics, mechanical and electrical engineering,

Course Aims and objectives
Aims:
o To describe the components of a wind turbine
» To examine the interaction of the wind with the rotor
o To relate the loadings on the turbine to its fatigue response
» To examine the process of electricity generation and its supply to a grid system
Objectives:
After completing this course, you should;

¢ Have an overall understanding of the structure of a wind turbine, its components and their
function

e Realise how the wind's energy is extracted and the principles involved

e Know the principles of electricity generation, the hardware required and the technical
factors involved in supplying electricity to a grid
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Section 1 - System Design and Components

Introduction

Wind turbine technology is advancing rapidly as lessons are learned from two decades of
operational experience, and as advances in materials take effect. This section describes the
individual components of a horizontal axis wind turbine, and examines the materials aspects of its
design.

The section comprises of a collection of relatively detailed resources regarding the hardware of
wind energy technology. There is information on the design and a description of all the major
turbine components, from the rotor to the tower foundations.

OVERVIEW

Firstly, we shall study the methods by which the kinetic energy of the wind is converted into
electrical energy by a wind turbine system. This course deals predominantly with large scale
(200kW per unit and up) grid connected systems, such as are seen on modern wind farms.
However, small scale domestic and stand alone systems are important, and many of these
resources are relevant to smaller systems.

The sequence of events in the production and transmission of wind generated electricity can be
summarised as follows:

1. A torque is produced as the wind interacts with the rotor.
2. The relatively low rotational frequency of the rotor is increased via a gearbox.
3. The gearbox output shaft turns a generator.

4, The electricity produced by the generator passes through the turbine controller and circuit
breakers and is stepped up to an intermediate voltage by the turbine transformer.

5. The site cabling system delivers the electricity to the site transformer via the site control
and circuit breaker system.

6. The site transformer steps up the voltage to the grid value.
7. The grid system transmits the electricity to the locality of its end use.
8. Transformer substations reduce the voltage to domestic or industrial values.

9. Local low voltage networks transmit the electricity to homes, offices and factories.
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The diagram below shows various technological routes for this process:
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We shall now examine the hardware required to facilitate the first steps in this chain:
As a starting point, the diagram below shows the main components of a grid-connected medium

or large scale wind turbine:
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THE ROTOR - MATERIALS AND DESIGN

Rotor blade design has advanced with knowledge from wing technology, and utilises the
aerodynamic lift forces that an airfoil experiences in a moving stream of air. The shape of the
blade and its angle in relation to the relative wind direction both affect its aerodynamic
performance.

The rotor assembly may be placed either
1. upwind of the tower and nacelle, so receiving wind unperturbed by the tower itself or

2. downwind of the tower, which enables self alignment of the rotor with the wind direction
{yawing), but causes the wind to be deflected and made turbulent by the tower before
arriving at the rotor (tower shadow).

The lifetime of a rotor is related to the variable loads and environmental conditions that it
experiences during service. Therefore, the rotor's inherent mechanical properties and design will
affect its useful service life.

The materials used in modern wind turbine blade construction may be grouped into three main
classes:

1. Wood (including laminated wood composites)
2. Synthetic composites (usually a polyester or epoxy matrix re-inforced by glass fibres)

3. Metals (predominantly steel or aluminium alloys)

Wood Laminates

Wood has a natural composite structure of low density, good strength and fatigue resistance.
Many commercial small turbine blades (up to about 5 metres in length) are hand shaped or
machined from prepared lengths of solid wood. The blades are then painted or varnished, and the
leading edge is protected by an epoxy resin-impregnated tape (the same tape is used on the
leading edge of helicopter blades).

An alternative and improved use of wood is to shape blades from bonded layers of wood sheet,
using advanced composite construction technology. The blades are made from vacuum bonded
sheets glued with epoxy resin, a technique developed for building racing yachts and boats. By
varying the type of wood used, and the direction of its grain when laid up, a composite material
is produced which has good specific strength, flexural and fatigue properties.

A manufacturer in the USA (Gougen Bros., Michigan) has produced laminated wood blades up to
43m in diameter. In the UK, the technique was pioneered by Howdens Ltd. and is being
developed by the Wind Energy Group (WEQ).
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Synthetic Composites

In recent years, synthetic composite materials have become common in the turbine blade
industry, due to;

e their relatively low density compared with metals
e their generally good tensile properties.

Glass reinforced plastic (GRP) blades are cheap, quite strong and have moderate fatigue
properties (Module 3.3). However, long term fatigue test data for wind turbines are rare, and so
the ultimate fatigue life of blades has been seldom experienced.

GRP is very versatile in forming, and can be laid up in female half-moulds (using glass fibre mats
soaked in a polyester or epoxy resin) before the two airfoil halves are glued together.

Blades can also be fabricated using the filament winding process, which developed from military
technology to make missile bodies. In this, a resin soaked glass strand is wound around a former
to make both the airfoil shape and the box-shaped strengthening spar. This fabrication technique
gives good strength and flexibility.

Carbon and aramid (predominantly Kevlar) fibre reinforced composites offer the best all round
mechanical properties of all the potential blade materials. Unfortunately, it is their cost, rather
than their performance which governs their use in the wind turbine industry, and few
manufacturers are actively producing carbon fibre blades.

The aramid group of materials offer a cheaper route than carbon, and give material properties
which are somewhat of a compromise between expensive carbon and cheaper glass. The aramids,
unlike carbon, are non-electrically conducting, which is an advantage in situations where galvanic
corrosion may occur, such as at the blade root/hub junction, and prevents the need for system
protection against lightning strikes.

Metals

Steel is a common material, and its mechanical properties are well understood. Although it has
good fatigue strength (see Module 3.3), it is relatively dense, and so steel blades tend to be heavy.
This results in large oscillating gravity loads on the rotor fixings and bearings as large blades rotate
from upwards (pressing down in compression) to downwards (pulling out in tension).

Using the "spar and skin" construction method, steel has traditionally been used for the largest
turbine rotors, such as those fitted to the Boeing MOD2 (91m), the MOD 5b (98m) in the USA,
and to the 3MW LS1 machine in Orkney (60 m).

Weight for weight, aluminium has better tensile properties than steel, and was once the material
of choice for blade manufacturers, especially in the US. 1t is versatile in construction, and can be
extruded, pultruded or used in sheet form. In the most common method of blade fabrication,
sheets are supported over ribs or a spar, and riveted into place, as on NASA's early MOD-0A
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machine, Unfortunately, its fatigue strength deteriorates rapidly in service. This can have serious
consequences in situations where stress amplitudes are large, and where the number of cyclic
loadings is high. These problems are compounded in cases where component design is flawed.

Novel Materjals

As the trend at the present time is toward composite materials, it seems that the development of
turbine blade technology will be in this direction.

Hybrid composites are being developed which offer a combination of the constituent materials'
separate properties. Wood/fibre/epoxy laminate materials potentially combine excellent strength
and fatigue properties with low weight.

ARALL, developed in The Netherlands, is a laminated sheet material which combines aluminium
with thin aramid/epoxy layers, and exhibits excellent fatigue crack growth and tensile strength
properties. Hybrid composites may become commercially acceptable in the future if production
costs can be made competitive with traditional blade materials.

THE NACELLE COMPONENTS

The nacelle houses the turbine's drive train and generator assemblies, plus the yaw mechanism
and any control components.

The main (or slow speed) shaft

Transferring the primary torque to the gear train from the rotor assembly, the main shaft is
usually supported on journal bearings. Due to its high torque loadings, the main shaft is
susceptible to fatigue failure. Thus, effective pre-service non-destructive testing procedures are
advisable for this component.

Disc brake

This may be situated either on the main shaft before the gearbox, or on the high speed shaft after
the gearbox, The latter arrangement requires a smaller (and cheaper) brake assembly in order to
supply the necessary torque to slow the rotor. However, this arrangement does not provide the
most immediate control of the rotor, and in the event of a gearbox failure, braking control of the

rotor is lost.

Transmission

Th electrical output of wind turbines has to be compatible with the frequency (50 - 60 Hz) and
voltage of the local distribution grid. The rotor's frequency is typically about 0.5Hz, and so the
increase in frequency is obtained by a combination of a gearbox and a multi-pole generator. Most
commercial generators have 4 or 6 pole pairs, and so a step-up gear ratio of about 25:1 is

required.

The simplest method to drive the generator is directly via the main shaft from the rotor without a
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gearbox. Energy conversion efficiency is optimised, due to the elimination of gearbox power
losses. However, special slow-speed generators are required, which need large rotor and stator
diameters incorporating about 50 poles in order to provide the required frequency. A small
number of manufacturers are now offering these systems on a commercial basis.

Most small sized (50 to 150kW) turbines utilise one or two stage parallel shaft transmissions
(which use helical gears to minimise noise and power losses). The larger commercial turbines (150
to 750kW) most commonly use epicyclic or planetry transmissions, which have the advantage
that the output shaft is in line with the main shaft (thereby reducing stress and power losses in
the drive train), with a corresponding reduction in size.

Hydraulic transmissions should, in principle, offer a simple method of power transmission which
is well matched to the torque characteristics of the rotor, However, their efficiencies are low, and
no manufacturers use hydraulic transmission systems at the present time.

The generator

The generator converts the mechanical energy of the input shaft to electrical energy. It must be
compatible at input with the rotor and gearbox assemblies, but at output with the utility's power
distribution (if connected to a grid) or to local power requirements (if the turbine is part of a
stand alone system).

Very small wind turbines may have generators producing DC power, which may then be used to
power low voltage loads (usually at 12 volts), to charge a bank of batteries, or may be passed
through an inverter system for the supply of higher voltage AC power to a grid network or local
distribution.

If a grid-connected turbine is fitted with an AC generator, this must produce power which is in
phase with the utility's grid supply. Many commercial grid-connected turbines use induction
A.C. generators, whose magnetising current is drawn from the grid, ensuring that the generator's
output frequency is locked to that of the utility and so controlling the rotor speed within limits.

Synchronous generators produce electricity in synchronisation with the generator's rotating shaft
frequency. Thus, the rotor speed of grid-connected turbines must exactly match the utility
supply frequency. Both capacitor excited induction generators and synchronous generators can
operate in stand alone situations, not connected to a grid.

The Yaw Assembly

It is necessary for the rotor axis to be aligned with the wind direction in order to exfract as much
of the wind's kinetic energy as possible. The smallest upwind machines (up to 25 kW) most
commonly use tail vanes to keep the machine aligned with the wind. However, larger wind
turbines with upwind rotors require active yaw control to align the machine with the wind. To
enable this, when a change in wind direction occurs sensors activate the yaw control motor,
which rotates the nacelle and rotor assembly until the turbine is properly aligned.

Downwind machines of all sizes may possess passive yaw control, which means that they can
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self-align with the wind direction without the need for or a tail vane or yaw drive.

THE TOWER

The tower of a wind turbine supports the nacelle assembly (which may weigh many tonnes), and
elevates the rotor to a height at which the wind velocity is significantly greater and less perturbed
than at ground level.

Modern towers can be over 50 metres high, and therefore their structure must withstand
significant loads, originating from gravitational, rotational and wind thrust loads. In addition, the
tower must be able to withstand environmental attack for the design life of the turbine, which
may be 20 years or more.

Fixed tubular towers

These are manufactured from tapered steel or concrete. Steel towers may be welded or pressed
together in sections on site or in the factory. Spun-concrete towers are generally less flexible than
steel towers and so offer improved sound deadening qualities (i.e. they do not transmit or
amplify rotationally-induced vibrations)

Fixed latticed (or trussed) towers

These are relatively cheap to erect, and require less substantial foundations than tubular towers
due to their spreading of the structure loads over a wider area. Although at one time lattice towers
were commonly used for medium and large scale machines, today they have lost favour in the
EU, partly due to their lack of aesthetic appeal.

Erectable guyed towers

These towers have a significant cost advantage compared to other types. Guyed towers may be
raised or lowered using a gin pole, without the need for a crane. Therefore ground-level rotor and
nacelle maintenance is possible. However, they utilise more ground area due to the need to spread
the guy cables quite widely, which may be a handicap if machines are used for cultivating crops
around the wind turbine bases. Animal farming is not so affected. The mast may be of steel pipe
(very small machines) or tube which is assembled on the ground and then winched upright via a
gin pole. The diameter of guyed towers is, in practice, much less than fixed towers. Guyed
towers, along with latticed designs, give less of a tower shadow effect than tubular towers.
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Section 2 - Extracting The Wind's Power

Introduction

The power contained in a moving airstream is proportional to the cube of the
wind speed. In order to extract this power, and to convert it to a torque suitable
for the generator, the rotor must be carefully designed.

THE WIND'S ENERGY

The purpose of a wind turbine is to extract kinetic energy from the wind and convert this firstly
to mechanical energy and then usually to electrical energy. The wind's kinetic energy is expressed
in equation 3.3

Equation 3.3
KE=_pV’

p = air density in kgm”
V = volume of air interacting with turbine rotor in m’

Therefore, the power in a given volume of wind is given by equation 3.4

Equation 3.4
P=_pAd’

p = air density in kgm™
u = wind speed in ms™
A = swept area of rotor in n’

Equation 3.4 shows that the maximum power that may be extracted from the wind is
proportional to the square of the rotor diameter and the cube of the wind speed. This power is
usually expressed in the unit of the watt (joule per second).

ROTOR EFFICIENCY

An airstream moving through a turbine rotor disc cannot give up all of its energy to the blades
because some kinetic energy must be retained in order to move the airstream away from the disc
area after interaction. In addition there are frictional effects, which produce heat losses. Thus, a
turbine rotor will never extract 100% of the wind's energy.

The ability of a turbine rotor to extract the wind's power depends upon its "efficiency”. Thus, to
express the power output of the turbine, a non-dimensional power co-efficient C,, is included
(equation 3.5)
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Equation 3.5
= 3

p = air density in k,gm'3
u = wind speed in ms™
A = swept area of rotor in m’
Cp = non-dimensional power co-efficient

This describes the fraction of the wind's power per unit area extracted by the rotor, governed by
the aerodynamic characteristics of the rotor and its number of blades.

As the airstream interacts with the rotor disc and power is extracted, the airstream speed is
reduced by an amount described by the axial interference factor, a. This is the ratio of the
upstream to the downstream wind speed. Equation 3.6 expresses the power using the axial
interference factor.

Equation 3.6
P =2p Au’a(l-a)

p = air density in kgm™
u = wind speed in ms™
a = dimensionless axial interference factor
P = power in the wind in Watts

thus, by substitution, the power co-efficient Cp may be defined (equation 3.7).
Equation 3.7
— 2
Cp, =4a(l - a)
C, = non-dimensional power co-efficient

a = dimensionless axial interference factor

By differentiating with respect to @, the maximum value of C, occurs when a = 0.33. Thus, C, o
=16/27 = 0.593 Cp,max = 16/27 = 0.593

Although this method gives a criterion (known as the Betz criterion) for the maximum amount of
power that may be extracted from the wind, it does not tell us anything about the rotor
conditions necessary to approach maximum efficiency.

The Tip Speed Ratio

If a rotor turns very slowly, it will allow wind to pass unperturbed through the gaps between the
blades. Conversely, a rotor turning very rapidly will appear as a solid wall to the wind.
Therefore, it is necessary to match the angular velocity of the rotor to the wind speed in order to
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obtain maximum efficiency.

The relationship between the wind speed and the rate of rotation of the rotor is characterised by
a non-dimensional factor, known as the tip speed ratio lambda:

For optimum power extraction, the rotor must turn at a frequency which is related to the speed
of the oncoming wind. This rotor frequency decreases as the radius of the rotor increases, and
may be characterised by calculating this opfimum tip speed ratio. Practical results have shown
that the optimum tip speed ratio is defined by equation 3.13

Equation 3.13

47
DN

A

R

Ay =optimum tip speed ratio
n= number of hiades

Thus, for a two-bladed rotor, the maximum power extracted from the wind (at Cp,max) occurs at
a tip speed ratio of about 6, and for a four-bladed machine at a tip speed ratio of about 3. If the
aerofoil is carefully designed, the optimum tip speed ratios may be ~30% above these values.

Most modern horizontal axis wind turbine rotors consist of two or three thin blades. These are
known as "low solidity" rotors, due to the low fraction of the swept area which is solid. This
arrangement gives a relatively high tip speed ratio in comparison to rotors with a high number of
blades (such as those used in water pumps, which require a high starting torque), and gives an
optimum match to the frequency requirements of modern electricity generators. This minimises
the size of the gearbox required and increases efficiency.

Fig 3.2.3 shows the relationship between rotor efficiency and the tip speed ratio for a typical
wind turbine. This shows that as the wind speed increases, it is necessary for the rotor to speed
up in order to remain near the optimum tip speed ratio. However, this is in conflict with the
requirements of most generating systems, which require a constant generator frequency in order
to supply electricity of a fixed frequency. Thus, the wind turbine which has a generator directly
coupled to the grid operates for much of the time with a tip speed ratio which is not optimised.

The alternative is to decouple the generator from the grid by an intermediate system which
facilitates variable speed operation. Some manufactures are now producing variable speed
turbines (where the rotor speeds up with the wind velocity), in order to maintain a tip speed
ratio near the optimum. These turbines utilise electronic inverter/rectifier based control systems
to stabilise the fluctuating voltage from the turbine before feeding into the grid supply.

12 Energy Beyond 2000: Wind Energy



Fig3.2.3 - Power coefficient vs, tip speed ratio
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Power Curves

A graph showing the variation of a turbine's power output as a function of wind speed is known
as a power curve (fig 3.2.4). This shows the cut-in wind speed (the minimum at which the
turbine is controlled to operate), the rated wind speed (at which the turbine reaches its rated
power) and the shut down wind speed, at which the turbine shuts down to prevent damage (long
periods above rated power would damage the generator and produce excessive mechanical
stresses). As the wind speed increases past the turbine's rated speed, the control mechanism of
the rotor limits the power drawn from the wind in order to keep the drive train torque constant.
The aerodynamic characteristics of stall-regulated machines result in a reduction in power output
at higher wind speeds rather than shut-down, in comparison to pitch-regulated turbines.

Fig3.2.4 . Power curves for stall and pitch regul ated machites

Rate

Wind speed
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Section 3 - Fatigue

INTRODUCTION

Due to their complex systems of variable loads, wind turbines are particularly susceptible to
fatigue damage. Rotor blades are particularly at risk, and much research effort has been put into
assessing the potential for blade fatigue damage whilst in service. Certain drive train failures have
also been shown to be due to fatigue, and much effort has gone into alleviating the effects of
variable loads on this component.

BASIC FATIGUE THEORY

Cyclic loading of the structure of a wind turbine may cause failure if some critical level of damage
is exceeded. Once initiated, damage grows with load cycling until failure, because either

¢ The net section stress (allowing for the loss of section caused by the damage) exceeds the
ultimate strength of the material or

e A critical crack forms by the accumulation of damage.

If the damage growth rate in a component depends on the cyclic stress range, the load ratio R (the
ratio of the maximum applied cyclic stress to the material's tensile strength) and the current value
of damage D, then

Thus the fatigue lifetime, Nj; is the number of load cycles necessary to raise the initial damage

Equation 3.14

2= f(87,R,D)

Ae = cyelic stress range

R = ratio of maximum applied cyclic sttess
to the material's tensile strength

D = current value of damage {eg. % of seclion
subject to fracture)

M= number of cycles

state D; to the final or critical level of damage Dy, where failure occurs. Therefore, integrating gives
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Equation 3.14

N - dD
f(Ao,R,D)

Ar = cyelic stress range

R = ratio of maximum applied eyclic stress
10 the material's tensile strenath

D = current value of damage {ed. % of section
subjact to fracture)

N = number of cycles atfailure

Clearly, it is necessary to define the function fin order to quantify N This is commonly carried
out empirically by the use of S(stress)-N(cycles) curves (fig 3.3.5). An alternating stress is
applied to the material and the number of cycles to failure (V) is determined as a function of the
stress amplitude (S). The slope of the S-N curve is a measure of the resistance of the material to
fatigue, and the actual shape varies from one material to another.

Logrv(}:ycl es)

FORCES RELEVANT TO FATIGUE

Although S-N curves give an indication of relative fatigue properties, they do not take into
account the complex effect of the large number of different cyclic forces which act on a turbine
blade during operation. These forces arise due to the blade's own mass and the force of the wind
acting upon it. They include the following:

e Gravitational (due to the pull of the earth on the mass of the blade, causing compression
and tension in each cycle)

e Centrifugal (due to the rotation of the blade)
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* Wind thrust (a force perpendicular to the plane of the blade which varies relatively
slowly)

¢ Rapidly varying forces arising from wind turbulence which increase as stall conditions are
approached - Module 3.2)

The research indicates that it is the relatively low frequency high amplitude wind thrust forces
which contribute most to fatigue damage.

FATIGUE PROPERTIES OF BLADE MATERIALS

Fig 3.3.6 shows S-N curves for the turbine blade materials examined in Module 3.1. At this point,
it should be stressed that data concerning the fatigue life of materials must be regarded with great
care, especially in the case of composite materials whe re differences in fibre or mat type,
matrix/re-inforcement bond strength or construction methods can introduce significant
uncertainties.
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Cycles to failure

The turbine blade materials may be classed into the following groups (see section 3.1.2);
e Metals
e Composites

e Wood Laminates
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Metals

Some metals (like mild steel) are relatively fatigue resistant. Provided it is subjected to a cyclic
stress below its fatigue threshold (usually less than half its ultimate tensile strength), it may be
used for long periods if the component is designed, fabricated and maintained correctly.

Unfortunately, many light alloys, like aluminium, exhibit an S-N curve which falls continuously
with time, Thus, failure becomes increasingly likely if the material remains in service under cyclic
stress conditions for long enough. This results in the concept of a limited service life for the
component after which it must be discarded, regardless of whether any damage is apparent.

Composites

The fatigue properties of composite materials depend on the inherent strength and stiffness of
their component materials, and on their structure.

Glass reinforced composites are the most commonly used turbine blade material. Experimental
full scale simulations indicate a satisfactory service life under normal conditions, However,
laboratory data (fig 3.3.6) show a steadily decreasing S-N curve for GRP's, indicating a finite
service life, Careful monitoring of GRP blades currently in service thus seems desirable.

Of the composite materials, those containing higher modulus (stiffer) fibres generally have better
fatigue properties, if cyclic stress is applied parallel to the fibre orientation. This is because the
matrix epoxy material is constrained by the reinforcing fibres during cyclic loading, subjecting the
composite to relatively low strains which do not approach the cracking strain of the matrix. The
second phase (such as glass fibre in GRPs) can also act as a crack arresting zone, effectively
pinning the growth of fatigue cracks.

Carbon fibre re-inforced composites exhibit outstanding fatigue performance when compared to
metals and other composites, especially when subject to tension fatigue in the fibre direction. The
advantage of CFRPs is reduced when the matrix material become s the predominant load bearer,
but they still offer many times the performance of other composites or metals. At the present
time, however, cost constraints mean that carbon fibre composites are rarely used in turbine blade

construction.

Wood Laminates

A small number of manufacturers are currently producing wood laminate blades up to 235 metres
in length. This material offers good strength to weight properties when compared to GRP. Full-
scale tests of Khaya (African mahogany) laminates indicate a favourable fatigue response. This
data can be seen on the plot of S-N curves (fig 3.3.6) to give a comparison with other blade
materials.

BLADE DESIGN FACTORS

It is important that blade design does not exacerbate the effect of cyclic forces. Certain blade
geometries should be avoided in order to reduce the prospect of early fatigue failure. Sharp
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changes in the blade profile (such as at the blade root/hub junction) can act as stress concentration
regions, causing the yicld stress of the blade material to be locally exceeded, thus leading to crack
initiation. The series of Comet airliner disasters in the early 1960's were due to such a design
error, namely too s harp a radius of curvature at the corners of the fuselage window openings.

Design of joints is particularly important in blade construction. For example, it was found that
veneer butt joints in wood laminate blades were particularly susceptible to fatigue failure. A
simple modification, substituting scarf (angled) joints at the veneer junctions, significantly
reduced failure rates.

ENVIRONMENTAL EFFECTS

Even for a fatigue resistant material, environmental attack can rapidly reduce its fatigue strength.
This may occur in two main ways:

o The topography of the blade surface may be modified. For example, minute
erosive/corrosive pits (from sand or rain impingement) may act as stress concentrators
during cyclic loading, causing localised cracking to be initiated. Corrosive attack along g
rain boundaries in metals acts in a similar manner, setting up crack initiation sites for
intergranular fracture. For larger GRP and wood laminate blades, erosion attack can occur
near the blade tips where rotational velocities can reach the equivalent of 100ms-1.

e The bulk material properties may be altered, thus reducing fatigue strength throughout the
blade wall thickness or through the surface layers. An example of this is moisture ingress
into wood laminate blades in poorly protected regions or at the trail ing edge where
debonding can occur.

For these reasons, protective coatings must be applied at manufacture and regularly checked
during maintenance. Wood laminate blades are commonly coated with an epoxy skin for
environmental protection, in a similar technique to that used in the manufacture of helicopter
blades. The leading edge of wind turbine blades always requires a special finish and care.
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Section 4 - Electricity Generation and Integration
POWER THEORY

Active and reactive power

In a DC circuit, the power consumed by the circuit is given by the product of the volts and the
current. For an AC circuit, the situation is slightly more complicated. If the voltage and current
waveforms are in phase with one another, the circuit is said to be purely resistive, When a current
i flows through a circuit across which an in-phase voltage v exists, then the instantaneous power
associated with the circuit is given by

p=iv

For a purely resistive circuit with an impressed sinusoidal voltage, the power is more easily
expressed by an average, rather than an instantaneous value;

pP=rv

where 7 and ¥ are the RMS values of current and voltage respectively, and P is known as the
active power.

If the voltage and current are out of phase, the circuit is said to have an inductive component, as
seen in fig 3.4.1.1 (below)

15 7

In this case, the voltage lags the current by an angle given by the distance A-B. In this interval,
we can see that the current is negative, whilst the voltage is positive; the volt-ampere product is
therefore negative. Also, in the interval C-D, the volt-ampere product is again negative. Between
B and C however, the V-4 product is positive (because ¥ and 4 are both negative). Similarly, the
V-A product before point A and after point D are also positive. What happens in this case is that
when the V-4 product is positive, power is consumed by the load. However, when the V-4
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product is negative, the load consumes a negative power! This means that power is returned to
the supply. This is due to energy being released from the magnetic field when the field collapses.

In the case of fig 3.4.1.1, more energy is consumed by the load than is returned, and so the
average power consumption over a cycle is positive. However, if the voltage and current are out
of phase by 90 degrees, the P-I product graph would have equal positive and negative areas, so
that the load returns as much power to the supply as it consumes /e the average power consumed
is zero. In this case, the energy flow oscillates between the generator and inductor and back again
at twice the frequency of the voltage.

It is useful to define the peak of this wattless power generation as O, where
Q=1
and is known as the reactive power of the circuit.

To determine the power consumed by an AC circuit, you need to know not just the F-f product,
but also the phase angle between the two. This is shown scematically in fig 3.4.1.2 (below)

Apparent povwer, 5 =Y

Reactive power, @ = VIsinA

povver, P=Ylcosa

For a utility's A.C. grid system, power is consumed by both resistive (active power) and
inductive (reactive power) components, each of which accounts for its own component of the
total power, namely P the active component, and Q the reactive component. In this mixed
reactive/active case, the average active power component is given by

P =VicosA
and the peak reactive component is given by
Q = Visind
where 4 is the phase angle between 7 and ¥ and cosd is the power factor (fig 3.4.1.2 above).

The Power Factor

The power factor of an AC circuit is the ratio of the useful power (¥) consumed by a circuit to
the apparent power (¥4) consumed. This is given by the equation
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power factor = 'real' power in Watts/apparent power in volt-amperes
= Vicosd/VI = cosd
For an in-phase V and 7 relationship, the power factor for the circuit is therefore unity.

In practical terms, the voltage stability in a grid network is optimised when P is consumed at
minimum J, thus ensuring cos4 approaches unity and Q is kept to a minimum. This may be
facilitated by the utility imposing special tariffs that penalise the consumer for a large Q demand.

GENERATORS

In the generation of electricity from fuel sources in thermal processes, the efficiency of
conversion is low (described by the 2nd law of thermodynamics). Therefore, the direct
conversion of mechanical to electrical energy as occurs in a wind turbine generator should be
advantageous. In principle,100% efficiency should be possible. However, in practice there are a
number of factors that must be considered in order to supply an A.C. supply suitable for
connection to a grid network:

¢ Wind turbine efficiency is greatest if rotational frequency varies with the wind velocity in
order to maintain a constant tip speed ratio (see aerodynamics and power control -
module 3.2). However, for most wind turbines the generator must operate at a constant or
nearly constant frequency in order to supply grid-compatible electricity.

e Control of turbine speed by flaps etc. is costly and inefficient (see module 3.2}, thus
rotational frequency is best controlled by varying the electrical load on the turbine.

e The optimum rotational frequencies of all but the smallest wind turbine rotors are much
lower than those of existing generators (rotor speed decreases with rotor radius for a
constant wind speed).Thus, gearboxes must be used, which absorb energy, can be noisy
and may require frequent maintenance (see components - module 3.1).

All generators produce electricity by the Faraday of electro-magnetic induction). A magnetic field
cuts a wire with a relative velocity, so inducing an electric potential difference in the wire. If this
wire forms a circuit, then an electrical current is produced. The magnitude of the current increases
with the strength of the field, the length of wire cut by the field and the relative velocity.

Of the wind turbine systems currently being manufactured, their generating systems may be
classed as follows;

D.C machines

Small scale stand alone wind turbines are most commonly used to charge batteries at relatively
low voltages. They use simple DC generators similar to that shown in fig 3.11. In these systems,
the rotating generator shaft (connected to the turbine blades either directly or through a gearbox)
turns the rotor within a magnetic field produced by either the field coil windings or by an
arrangement of permanent magnets on the armature. The rotation causes an electric current to be
set up in the rotor windings as the coils of wire cut through the magnetic field. This current

21 Energy Beyond 2000: Wind Energy



(whose magnitude depends upon the number of turns in the windings, the strength of the
magnetic field and the speed of rotation) is drawn off from the commutator through graphite
brushes and fed directly to the battery, sometimes via a voltage regulator which smooths out
fluctuations in the generated voltage.
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Synchronous A.C. machines

Early alternators, which produce an AC voltage, were developed as a replacement for DC
generators. Alternators have a number of advantages. They are generally cheaper and more
durable, due to the use of slip rings rather than commutators. A further design improvement is
their incorporation of the armature windings in the stator, whilst the rotor provides the magnetic
field. If permanent magnets are used, the power is drawn from the alternator through fixed
contacts, and wear due to the passage of high currents through moving contacts is eliminated. In
excited field alternators, the magnetic field is provided by a supply of relatively low current to
the field windings, via slip rings.

The output frequency of the generator depends on
¢ the input frequency of the drive shaft
¢ the number of pole pairs in the generator

Thus, in order to be compatible with a utility's grid supply, the machine must be driven at a
constant speed by the turbine rotors, to produce power which is in phase with the grid supply.
In practice, this may be achieved by altering the pitch of the turbine rotor blades to alter their lift
co-efficient as the wind speed varies. More commonly, however, the generator output is small
enough in relation to that of the utility supply to allow it to "lock-on" to the grid frequency,
ensuring a grid-compatible output frequency despite small variations in wind speed.

Induction A.C. machines

An induction generator differs from a synchronous generator in that its rotor consists in its
simplest form of an iron cylinder with slots on its periphery that carry insulated copper bars.
These are short-circuited by rings which are positioned on the flat faces of the cylinder. The
currents that produce the magnetic field are in short-circuited loops. If positioned on the stator,
the field current in these loops is induced from currents in the stator windings, and vice versa. In
operational terms, power generation can only occur when the induced closed-loop field currents
have been initiated and maintained. This is facilitated in one of three ways;

e reactive power is drawn from the live grid to which the generator is connected

e capacitors connected between the output and the earth enable autonomous self-excited
generation (some residual magnetism in the system is necessary)

e a small synchronous generator inay be run in parallel, which may (if diesel fuelled, for
example) then provide power at times of inadequate wind.

Depending on operating conditions (e.g. wind speed), the generator may act either as a generator,
supplying power to the grid, or as a motor (acting as a sink of power from the grid). In either
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case, there will be a difference in speed between the shaft frequency /5 and the output frequency
J1. This is known as generator slip, and may be expressed as shown in equation 3.4.6:

The slip is defined as negative when the machine is acting as a generator, and positive when acting
as a motor,

Eduation 3.4.6

i —nf)

= =1 =

J

fi = AC output power freguency
;= shatft frequency
h=numher of windings on rotor
$= generatorslip

Recent Developments in Generators for Wind Turbines

As well as applying to the basic process of energy conversion, technological development also
relates to the design and size of machines used for the generation of electric power from wind
energy. Whilst the induction machine is now well established as the most popular generator for
reliable, efficient, low-cost power production from the wind, other designs of machines are used
and there are several "drivers" for change.

Variations on traditional designs

The 'traditional' Danish design of wind turbine is fixed-speed, using an induction generator.
Variations on this theme which are now appearing include

+ multiple generators
s two-speed induction generators
¢ induction machines with variable generator rotor resistance.

Commercial machines generate at low voltage, with no move to voltages above 690 V, though one
1.5 MW turbine has a step-up transformer adjacent to the generator, in the nacelle.
Variable-speed operation

Another major option is variable speed operation, which offers several benefits (along with some
disadvantages).

Due to their ability to operate at tip speed ratios closer to the optimum value, variable speed
machines can be more efficient than fixed speed systems (depending on the wind speed
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distribution function - see module 1). However, modification of both the generator and the
intermediate electronic control systems are necessary in order to provide a grid-compatible
supply. One of the main factors favouring this route is the requirement of some utilities for very
smooth output power.

Variable speed drive technology is now being applied to wind turbines to bring various
performance benefits to the overall system. These benefits include:

e Increase in energy yield;

e Reduction in loading on mechanical components;

e Reduction in audible noise during low wind speed conditions;
¢ Smoothing of the energy flow;

¢ Reducing disturbances on power network.

High power variable speed drives are now being designed into turbines and with them a new set
of engineering aspects need to be considered, including:

o Fault level of network;

* Voltage regulation;

e FElectromagnetic compatibility;

o Electrical system behaviour during gusting conditions;
e Power converter efficiency.

For variable speed turbines, relatively complex power converter hardware is necessary. The
power conversion equipment must provide low harmonics and unity power factor control of the
current delivered to the network.

High torque/low speed (direct drive) generators

Direct-drive generators are currently of great interest. As turbine size increases, the relative cost
of the gearbox becomes more important. Removing the gearbox could save not only cost, but also
mass, losses, acoustic noise and reliability problems. For a doubling of wind turbine diameter,
rated power will quadruple, and rotor torque, which is closely related to gearbox cost, will
increase by a factor of eight. Another important issue is the integration of the generator into
overall nacelle design.

The physical size of any electrical machine is governed by the torque it is required to develop. A
direct-drive generator is therefore necessarily a large machine, but it is subject to very tight cost
restrictions imposed by the economics of wind power. Low cost is the prime requirement in
every aspect of the design, yet high efficiency is vital because of the high capitalised value of
losses and because variable-speed capability is increasingly becoming a requirement. Possible
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routes to fulfill these design pre-conditions include:
¢ Permanent-magnet excitation for high efficiency.

e Standard parts across a wide range of power and speed ratings to minimise tooling costs
and facilitate long production runs.

Designs which incorporate these factors can yield high efficiency and are competitive in cost with
the conventional gearbox - induction generator arrangement. Specific design features for such a
machine may include:

¢ Ferrite magnets with flux concentration for low material cost.
¢ A small number of stator coils pre-fitted to stator core segments.
e Simple stator lamination packs fully prepared prior to assembly of the machine.

o Integration of the ac/dc conversion into the machine to simplify the winding and its
connections.

e Structural design which avoids threading a magnetised rotor.

Features such as these mean that similar modules are useable across the whole power and speed
range covered by modern wind turbines.

1t is likely that future advances in turbine design will incorporate variable speed and direct drive
technology. Furthermore, these advances are a clear indication of component development taking
place specifically for the wind turbine market.

SITE DISTRIBUTION AND GRID LINKAGE

Site Factors

Wind farm locations and the associated weather conditions have posed engineers with enormous
challenges in meeting wind farm design requirements and installing systems. Poor site access can
hinder the delivery of large and heavy components, bare rock can make earthing almost
impossible and rain and mist can result in water ingress in the cable terminations and joints.

Issues such as transformer location and generator voltage have also become more important as
wind turbine size has increased. A particular issue for electrical systems of wind farms is the
choice of the site distribution system voltage. Optimisation of wind farm electrical systems is
constantly being sought in the effort to reduce component costs and site losses and at the same
time increase the flexibility and reliability of the system. Various alternatives to the proven 11 kV
site distribution voltages have been investigated including 20kV and 33KV systems. Such systems
offer both a reduction in site electrical losses and saving in capitalisation costs.
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Grid Integration

In simple terms, electrical power is the product of voltage and current (Module 3.4.1 - Power
theory). If the power can be transmitted at high voltage, then the current is correspondingly

small. This is significant when transmitting electricity over large distances for two reasons:
e the voltage drop in the transmission lines is proportional to the current in the lines

e the power loss in the lines is proportional to (current?)

Thus, it is desirable to transmit electrical power at the highest voltage possible. As alternating
voltages may be easily changed from one value to another via transformers, local and national grid

distribution systems utilise a.c. power transmission.

Fig 342 (below) shows the power distribution system for the
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Other countries have similar systems, although the voltage levels may differ slightly.

The voltage levels are typically as follows:
¢ Wind turbine: 480V, three phase
* Wind farm ring main: 11kv, three phase
» Local grid: 33k or 132 kV, three phase

e Main grid distribution system: 132, 275 or 400kV, three phase
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* Secondary transmission system: 33, 66 or 132kV, three phase

Primary distribution system: 3.3, 6.6, 11 or 33kV, three phase
Local distribution system: 415 three phase or 240V single phase

Integration of wind turbines on weak rural networks
Lower prices for wind generated electricity tend to concentrate wind farm developments at high

wind speed sites, which, in many regions are areas with low population density, remote from a
strong electrical connection point. The high capital costs of reinforcing the network, together with
the difficulty of obtaining planning permission for new overhead lines, encourage maximum use of

the existing network infrastructure.
Rural electricity networks in Europe are characterised by long medium voltage lines to distributed
loads, which are predominantly single phase. This leads to a low fault level and low X/R ratio at
the point of connection. These conditions, combined with the high wind turbulence intensity

which is often associated with upland terrain, provide the least favourable circumstances for the
quality of output power from wind turbines.
Problems encountered where the penetration of wind generated power in such a rural network is

significant include:
Surges in reactive power as each wind turbine comes on-line until the turbine is
synchronised with the grid. This can lead to a voltage drop of up to 5% on a 33kV line at

each start-up
Voltage flicker, which can be significant due to synchronisations, wind gusting and tower

shadow
Harmonic factors, which can approach 3% for a 33kV grid

[ ]
The allowable peak output, harmonics, flicker, power factor and switching operations are all

clearly stated in relevant engineering recommendations.
Extremely low fault levels and low X/R ratios typical of wind farm grid connections increase the

necessity of predicting any potential disturbances to the network. Methods to prevent possible

disturbances such as staggering turbine "start ups" and the use of fast acting voltage control
equipment, may need to be investigated as the penetration of wind generated electricity into weak

networks increases.
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Climate change has become a key driver for technology innovation in the electricity industry. A 50%
global reduction in greenhouse emissions over this century appears necessary lo avoid dangerous
global warming. This will require a far-reaching transformation of our current, primarily Jossil-fuel
based, energy sector. Present technology options for electricity-related emissions abatement include
energy efficiency, low-emission fossil-fuel generation and renewables. There is, however, a clear need
for further technical progress in these options given the scale of change required.

There is now growing worldwide, and certainly Australian government, interest in the potential for
novel coal-fired electricity generation and geosequestration technologies to reduce greenhouse
emissions. This raises the question of how government policy can be used 1o drive innovation in
promising yel unproven abatement technologies. A particular challenge for policy makers is

balancing the visks in trying to ‘pick winners’ against the need to focus publicly funded efforts on the
more prospective technology options. Technology assessmenls are required despile the many

challenges, uncertainties and hence risks in attempting to model innovation.

In this paper we outline a simple framework for making such technology assessments. Its evaluation
criteria ave technical feasibility, delivered energy services (benefits), present and possible Juture
costs, potential scale of abatement, and other possible environmental and societal impacts. These
evaluations must factor in risks, the national or regional context facing policy makers - for example,
the existing energy sector and R&D capabilities — as well as policy opportunities to drive progress.

We then apply this framework with a preliminary technology assessment for coal-fired generation
with geosequestration. T his assessment highlights some key remaining questions on the technical
feasibility of this approach, its likely high yet uncertain costs, large potential scale of abatement and
still significant environmental impacls. These findings are compared against other abatement options
including energy efficiency, low-emission gas-fired generation and renewables. In contrast with geo-
sequestration, these options have proven technical Jeasibility, demonstrated and highly competitive
abatement costs, varied abatement potential and typically reduced environmental impacts.

Finally, we consider the possible Australian policy implications of these technology assessmenis. In
our view, present innovation policy measures are inadequate and risk being inappropriately focussed
on one promising yet unproven option — coal-fired generation with geosequestration. Considerable
effort, public investment and time will be required just to determine what, if any, contribution this
technology can make. Minimising the risks and maximising our opportunities for innovation in
abatement technologies requires instead, a coherent innovation stralegy that supporis a portfolio of

promising options. Policy measures must address the different innovation needs of these options —
targeted R&D funding yet, critically, market deployment drivers for near-commercial technologies.
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Introduction

Climate change is one of the great policy
challenges of our time. We risk causing
irreversible damage to vital ecosystems, yet our
policy efforts will have to overcome:

o the long time frame and global nature of this
problem, and hence our policy response,

e our society’s present dependence on low-cost
fossil fuels — a far-reaching transformation of
these energy systems is clearly required,

e jmportant uncertainties in what  this
transformation will actually entail, and

e the many other important economic, environ-
mental and societal factors associated with
present, and possible future, energy systems.

The likely scale and timeline of required global
emissions reductions is 50% over the next
century, with developed countries potentially
obliged to take greater cuts over 2 shorter time
frame, than this (UK DTI, 2003). Most of these
reductions will have to come from fossil fuel
emissions (IPCC, 2001).

The IPCC (2001) identifies “technology as a
more important determinant of future
greenhouse gas emissions and possible climate
change than all other driving forces put
together.” We already have a wide range of
technologies for reducing energy related
emissions through improved end-use energy
efficiency and lower emission and renewable
energy supply, (UNDP, 2002; IPCC, 2001).
However, technical progress and innovation i8
essential as present options are almost certainly
inadequate for the scale of change required.

The focus of this paper is the potential for novel
coal-fired generation and geosequestration
technologies to contribute to emissions
reductions in the Australian electricity sector.

We first consider the role of government policy
in driving technology innovation. A particular
challenge for policy makers is balancing the
risks of trying to ‘pick winners’ against the need
to appropriately focus policy efforts for different
technology options. We outline 2 simple
framework for assessing emission abatement
technologies to assist in this.

We then outline Australia’s present innovation
policy framework for climate change and the
clectricity sector. Of particular interest is the

recent and growing government support for
novel coal-fired generation and  geo-
sequestration technologies as Australia’s most
promising emissions abatement option.

To explore what rationale might lie behind this
focus, we apply our simple technology
assessment framework to this geosequesiration
option. It is then briefly compared against other
abatement technology options including energy
efficiency, gas-fired generation and renewables.

Finally, we consider how such technology
assessments can inform the development of
Australian innovation policy for climate change.

innovation policy for climate change

Our options for emissions abatement now and
into the future depend, of course, on what
technologies are currently available, yet also on:

e the technical progress that might result from
present competitive market pressures, and

o what progress and imnovation might be
driven by government policy efforts.

Tnnovation has two key themes, invention and
application. Research and Development (R&D)
and Demonstration' are key steps of the
invention phase. Deployment is the key
commercialisation step for moving an invention
to possible widespread adoption.’

One clear government policy role is supporting
socially beneficial ‘invention’ through publicly
funded R&D into  sustainable  energy
technologies.’

1we use the term R&D&D as shorthand for Research,
Development and Demonstration.

2 jemonstration and Deployment are sometimes usad
interchangeably but are really quite different. “Demonstration
produces results that are necessarily experimental and
unreliable since the aim is to try out new techniques.
Deployment required the opposite — refiable technologies
that can deliver environmental and commercial results.”
{Watson, 2001).

® gee for example, UK DT1(2001) “The rationale for
Govemnment funding of R&D applied both in the UK and
internationally is based on the premise that social rates of
return on some R&D, for example energy technelogies that
can contribute to environmental problems and which involve
lengthy developrment timescales, are higher than private
rates of return. Investment in these areas is therefore likely
to be to low without Government support or intervention.”



The Australian Electricity Industry and Climate Change — What Role for Geosequestration? 3

However, governments can also play a vital role
in taking new sustainable energy technologies
from invention (technical feasibility) through to
full commercialisation. It is widely agreed that
both supply-push (eg. demonstration projects)
and demand-pull (market driven deployment)
policies are required (Norberg-Bohm, 2000).

Finally, technology can be usefully seen as
having ‘hardware’ (manufactured technology),
‘software’ (knowledge to use this equipment)
and  ‘orgware’  (institutional  capacity)
dimensions (IIASA, 2002). All of these
dimensions are vital for technical progress,
although their relative importance may vary with
context. For example, new technologies that are
radically different in approach from existing
technologies (sometimes called “disruptive
technologies™) may require institutional change
to permit successful widespread deployment. At
least some greenhouse abatement technologies
appear to have this characteristic.

Guidance for policy makers:

Policy makers attempting to drive innovation
greenhouse abatement technologies face some
difficult questions, including:

o do particular energy sectors merit special
attention — for example, energy efficiency,
fossil fuel generation or renewables,

e are there highly promising technologies that
merit targeted support — for example, LED
lighting, wind power or geosequestration,

o how might different technologies progress in
the future — for example, steady progress
with established technologies, or potential
breakthroughs with novel ones, and hence

¢ what overall policy framework and particular
mechanisms are most likely to maximise our
abatement capabilities in the longer term.

Innovation policy development must be
undertaken in the face of considerable
uncertainty. Formal risk management strategies
can reduce risks and maximise opportunities for
abatement technology innovation. Strategies
include technology risk assessments and,
critically, diversification (portfolio approaches).

A difficult balance must then be struck between
the risks of governments attempting fo pick
winners against the need to focus limited public
resources into our more promising options.

For R&D and demonstration funding, some
form of assessment for different technology
options will always be required.’ For
commercialisation support, some deployment
measures can be made ‘technology neutral’ to an
extent.” However, it is still necessary to balance
the benefits of competition between options,
against the benefits of targeting promising
technologies for development support.®

Given a climate policy objective of delivering
major longer-term emissions abatement, such
technology assessments will need to consider:

¢ technical feasibility,
e delivered energy services (benefits),

e present costs where known, and possible
future costs,

e potential scale of abatement delivered, and

¢ other economic, environmental and societal
outcomes with use of the technology.

There are uncertainties and associated risks in
all of these considerations. Also, policy makers
must make such assessments with regard to their
government’s particular context — for example,
existing national or regional energy sectors,
available energy resources and R&D strengths.
Perhaps the greatest challenge is that these
factors can all respond to policy actions.

A number of tools can help with technology
assessments. At their most simple, ‘technologies
that exist are, by definition, possible’ and
‘technology trends may continue’. More
formally, there are methodologies including:

» bottom-up engineering and economic studies,
¢ technology road mapping,

» ‘experience curves’ analysis, and

e scenario analysis.

4 As noted by Watson and Scott (2001) “In principle, it is
esseniial that the government does not ‘pick winners’. A
diverse portfolio of basic research, development,
demonstration, and technologies should be supported to
allow for large uncertainties associated with future directions
of technical change, as well as rapidly shifting market
conditions. 1t is, however, equally important that this need for
diversity does not dilute public R&D effort because it is
thought to be a good idea to do a bit of everything.”

8 For example, MRET gives market-driven suppert o a
diverse range of near-commercial renewable technologies.

® The *price’ of particular new energy technologies can be
greatly lowered through government support that drives
learning from experience and economies of scale in its
particular industry {Isoard and Soria, 2001)
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Nevertheless, technology assessment remains a
difficult challenge, while developing appropriate
policies in response to these assessments is
probably even harder.”

Australian climate change and
innovation policy

The Australian Government’s stated climate
change objectives are to meet our Kyoto target
and prepare Australia for the large-scale
emissions reductions required over the coming
century (Australian Government, 2002).

The Australian electricity sector currently
contributes over 32% of national greenhouse
emissions and has shown the highest growth in
emissions of any sector over the last decade
{Commonwealth of Australia, 2002).

While a number of policy measures targeting
climate change and the electricity sector have
been implemented, emissions are still projected
to grow markedly over the coming decades
(CoAG, 2002).

The modest target and generous land-use
provisions negotiated by Australia in Kyoto
mean that our Protocol commitment may
actually be met without any significant change
in the energy sector (Australia Institute, 2003).
However, far greater efforts are clearly needed
to achieve the major abatement from this sector
required in the longer-term.

Innovation policy for climate change:

Australian policy support for R&D is largely
delivered through various general Australian
Research Council (ARC) competitive grants
programs. There is also funding for Cooperative
Research Centres (CRCs). At present, a number
of these are directly electricity sector or climate
change related — the CRC for Clean Power from
Lignite, CRC for Coal in Sustainable
Development, CRC for Greenhouse Accounting
(largely focused on ecosystem sequestration)
and CRC for Greenhouse Gas Technologies
(focused on CO, capture and its

7 Note that we do not include top-down CGE economic
modelling in our list of formal methodologies. They generally
have highly stylised and clearly inadequate models for
exploring technology innovation (MacGill, 2003b).

geosequestration). There are, however, no CRCs
or dedicated funding for energy efficiency or
renewable energy.®

Direct  Australian  policy support for
commercialisation of new electricity generation
technologies includes the CRCs noted above,
and various competitive grant schemes — for
example, the Renewable Energy Commercial-
isation Program (RECP) Deployment support
includes grant schemes such as the Photovoltaics
Rebate Program and, most importantly, the
Mandatory Renewable Energy Target (MRET).
There is also some deployment support for
energy efficiency including, for ecample,
Minimum Energy Performance Standards
(MEPS) and energy efficiency ‘star rating’
schemes (AGO, 2003).

Although there are difficulties in defining and
measuring direct government spending in these
areas, Australian support for sustainable energy
appears to be low compared with many other
developed countries (Australia Institute, 2003).

Support for geosequestration:

There is now growing Australian government
interest and support for geosequestration of coal-
fired electricity generation emissions as an
abatement option. This includes (Tarlo, 2003):

e the inclusion of ‘capture and sequestration of
CO,’ as one of Australia’s National Research
Priorities,

e recent establishment of the CRC for
Greenhouse Gas Technologies which will
focus almost exclusively on CO, capture and
geosequestration,

s leading role of CO, capture and
geosequestration in the US-Australia Climate
Action Partnership,

s strong support for this option given by
various Australian Federal Ministers, and

e strong advocacy by a Prime Minister’s
Science Engineering and Innovation Council
(PMSEIC) working group and Australia’s
Chief Scientist® in favour of the technology.

8% The Australian CRC for Renewable Energy was
unsuccessful in obtaining additional funding in the latest
competitive round.

® The PMSEIC Executive Officer is Dr Robin Batterham,
Australia's part-time Chief Scientist and also the Chief
Technologist for Rio Tinto Corporation,
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An important question, then, is whether the
Australian government is now attempting to
‘pick winners’. Furthermore, what formal
assessments of Australia’s different technology
abatement options justify this apparent focus?

The PMSEIC Beyond Kyoto report:

PMSEIC is “the Government’s principal source
of independent advice on issues in science,
engineering and innovation” (PMSEIC, 2003). It
was recently given the task of reporting on
opportunities to utilise and develop emission
reduction technologies appropriate for Australia,

Its (PMSEIC, 2002) report, Beyond Kyoto —
Innovation and Adaptation, considered a range
of generation options for emission abatement
including coal-fired Integrated Gasification
Combined Cycle (IGCC) plant with
geosequesiration, Combined Cycle Gas Turbines
(CCGT), Distributed Energy Systems (DES) and
Renewables. These were classified as current,
near-term  and  longerterm options, and
compared on costs and potential abatement.

The report concluded that “within the
foreseeable future only carbon capture and
peosequestration has the potential to radically
reduce Australia’s greenhouse signature” and
therefore recommended that the Government
“egtablish a national program to scope, develop,
demonstrate and implement near zero emissions
coal based electricity generation.”

Technology assessment of geosequestration:

The authors have previously critiqued this
Beyond Kyoto — Innovation and Adaptation
report (MacGill, 2003). We¢ have particular
concerns with its technology assessment of the
different abatement options — both in terms of
the incomplete criteria used for comparison, and
its data estimates for the different technologies.
For example, there is little account of the very
different risk profiles of the options, and the cost
estimates for coal-fired generation with
geosequestration are not supported by the
international literature.

In this paper, we present some preliminary work
on a risk-based assessment of coal-fired
electricity peneration and geosequestration
opportunities for Australia.

We consider, in turn:

¢ technical feasibility,

o delivered services (benefits),

» present costs, and possible future costs
e potential scale of abatement, and

o other possible societal outcomes.

Technical assessment — coal-fired
generation with geosequestration

Technical feasibility:

Coal-fired steam turbines have been one of our
major electricity generation technologies for
more than 50 years. Some 85% of Australian
electricity supply comes from such plant. The
‘near zero emission’ concept for coal-fired
generation involves capturing the CO, emissions
arising from coal combustion and sequestering it
in geological reservoirs.

The key technical steps are capturing CO,
emissions from the power plant, transporting
them to a suitable sequestration site, and then
injecting the CO, into a stable geological
reservoir for long-term storage.

CO,; Capture:

There are well-established technologies used in
the oil and chemical industries for capturing CO,
from gas streams. Power plant flue gases,
however, pose some technical challenges. Most
practical experience with CO, capture has been
from chemically reducing gas streams rather
than oxidising flue gases (IEA, 2001)."
Furthermore, there are the enormous volumes of
CO, emitted by large coal fired plant — some
20,000 tonnes/day for a 1000MW plant. Small-
scale CO, capture from conventional power
stations has been demonstrated. Large-scale
capture, has not, and there are significant cost
concerns with present technologies.

R&D efforts are therefore underway in other
technical options for large-scale, low cost CO;
capture — for example, better solvents,
membranes and solid adsorbents. Oxygen-blown
combustion might also be feasible (IEA, 2001).

" There may be particular problems for existing Australian
generating plant — our less stringent SOx and NOx emission
standards than Europe and the US can adversely impact
present solvent scrubbing technologies (Dave, 2000).
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Integrated Gasification Combined Cycle (IGCC)

CO; capture is far easier with coal-fired IGCC
plant. In these plants, the coal is reacted with
oxygen and steam to produce a fuel gas. This
can then be burned in a Combined Cycle Gas
Turbine. Most CO; can be captured prior to
combustion from the concentrated gas stream.,

There is considerable international experience
with gasification in the oil and chemical
industries, and a number of coal-fired IGCC
demonstration plants in operation worldwide.
According to the IEA (2001) “IGCC has been
successfully demonstrated but the capital cost
needs to be reduced and the reliability and
operating flexibility needs to be improved to
make it widely competitive in the electricity
market” (IEA, 2001). ‘H rich® gas turbine
technologies also have to be proved up.

CO, capture from IGCC will certainly be easier
than with conventional coal-fired plant. The
PMSEIC Beyond Kyoto report argues that IGCC
shows the greatest potential for cost-effective
electricity generation with CO, capture.

CO, ransportation:

There would seem to be few technical problems
in transporting CO, by pipeline. Such pipelines
are already in operation in the US and
elsewhere, and the gas is relatively easy to
handle (IEA, 2001). Transporting CO; long
distances does, however, have important cost
implications (Allinson, 2003).

Geosequestration:

The main options for storing CO; underground
over the hundreds of years required for effective
emissions abatement are shown in Figure 1.

There is considerable knowledge and experience
with CO, sequestration in depleted oil and gas
reservoirs, Such sequestration is in wide use for
Enhanced Qil Recovery (EOR) where it actually
provides a net financial benefit. Furthermore,
these types of reservoirs are proven traps and
have well known geologies. The capture of CO,
from a lignite (brown coal) IGCC plant and its
use for EOR is being demonstrated by the
Weyburn project in the US (IEA, 2001).

There is only limited experience with injecting
CO; into unminable coal seams. The CO, is
permanently locked up in the coal. Even better,

this can release methane bound to the coal and
enhance recovery for Coal Seam Bed Methane
operations (ECBM) - a growing source of
natural gas in countries including Australia. At
this time, however, there is only one project
using CO, sequestration for ECBM recovery,
located in the US (IEA, 2001).

Figure 1: Options for CO, sequestration (taken
from IEA, 2001).

CO, injection into deep saline aquifers
potentially offers by far the largest geological
storage capacity for geosequestration. Large-
scale emissions abatement from the electricity
sector will almost certainly require their use.
Unfortunately, this type of reservoir is also the
least understood in terms of distribution and
geology; primarily because they have not had
any commercial value until now. Considerable
research is still required and there are significant
uncertainties and hence risks. There is currently
one demonstration project sequestering CO,
extracted from a natural gas project into a saline
aquifer — Sleipner Vest in Norway (IEA, 2001).

In conclusion, the large-scale application of CO,
capture and geosequestration from coal-fired
electricity generating plant has not yet been
demonstrated. Most of the key technologies
would seem to be commercially available or at
least demonstrated at some scale. They have not,
however, been integrated and scaled up in a
commercial-size demonstration plant. Also,
there are still significant uncertainties
concerning the risks of re-release of CO, from
geological storage into the atmosphere.
Nevertheless, there is general agreement that at
least some pgeosequestration of coal-fired
electricity generation is technically feasible.
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Delivered energy services (benefits):

Coal-fired generating plant is the key baseload
technology in many eleciricity industries and
offers low-cost, relatively reliable and
dispatchable electricity. These plants also create
very significant CO, emissions — perhaps 6
million tCO,/year for a typical 1000MW plant.

The ability to add CO, capture and sequestration
to existing plants would seem to offer very
significant emissions abatement yet not require
major changes to  present electricity
infrastructure or operating practice. Much would
depend on whether IGCC plant is necessary for
cost-effective CO, capture, and the availability
of geological storage near existing generating
regions. If generation must be moved, this could
greatly impact on network investment and costs.

Adding CO; capture and geosequesiration to
coal-fired plant will add to costs, so the benefit
of the technology in reducing emissions is a
primary driver. Although the term ‘zero
emissions coal’ is sometimes used, there will
still be significant emissions. This is because of
the energy and cost trade-off in how much CO,
is captured, and the energy required to transport
and pump the CO, underground.

The TEA (2001) estimates that coal-fired IGCC
plant with geosequestration will still emit around
150 kgCO,/MWh in its operation. This is some
40% of existing natural gas-fired CCGT plant,
as shown in Figure 2.

There are also upstream greenhouse emissions
from coal extraction to consider.!" These
emissions can range from zero to 20% of direct
power plant emissions (Gielen, 2003). These
overall emission estimates, assume, of course,
that the sequestered CO, actually remains
effectively stored for some hundreds of years.

Costs:

There are many challenges and uncertainties in
making cost estimates for coal-fired electricity
generation with geosequestration (Freund, 2002;
Gielen, 2003). One difficulty, of course, is that
no such plants have yet been built. Also, there
would seem to be good potential for technical

! Note,however, that there are also potentially significant
upstream CO, emissions from natural gas extraction.

Ca emissions, g/kWh

breakthroughs in key steps of the process and,
undoubtedly, learning from scale and experience
that could reduce costs in the longer-term.

800y
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400- E Witholt capiurs
10 With capture
200
& i, 1 S, X1 ) .
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combned cytle

Figure 2: CO, emissions from different fossil

fuel generation options with, and without, CO,

capture (taken from IEA, 2001}

Three types of costing studies have generally
been undertaken (Gielen, 2003):

e engineering assessments focusing on specific
technologies and projects,

e comparative studies that combine different
engineering studies, and

¢ modelling assessments using ‘technology
learning’ concepts and engineering software
tools. These are of key importance with
novel, unproven technologies.

Engineering assessments offer the highest
certainty, yet the least general applicability in
terms of future technology development. Such
project-specific studies require criteria to be
defined including chosen technologies, plant
size, fuel costs, CO, transport distances,
geological reservoir characteristics, project
lifetime and financing (Freund, 2002).

More generally, some methodological choices
are also critical to cost estimates: (Gielen, 2003)

¢ the choice of discount rate and use of Net
Present or levelised costs (Freund, 2002),

e presentation of results in terms of capital
costs ($/MW), electricity costs ($/MWh) or
CO, abatement ($/tCO- avoided),

e selection of reference technology against
which the plant is compared — for example,
the same plant without capture, existing
conventional plant or ‘best practice’ plant,

e energy system boundary — for example,
operating or full life-cycle emissions, and

o economic life cycle boundary — for example,
including R&D and demonstration costs.
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(ASHCOZ-€)

Sequestration projects linked with EOR or
ECBM can create additional value — potentially
sufficient to offset the sequestration costs. Such
opportunities are limited however. If significant
abatement is to be sought, it can be assumed that
most electricity generation projects will not eamn
such benefits — the value of geosequestration
will lie in their ‘avoided’ emissions. Because
CO; capture and sequestration is an ‘add-on’ to
generating plant, this abatement will have costs.

Studies to date have differed in type, defined
project criteria and methodology, and this makes
comparison difficult.”? With this proviso, we
present the cost estimates (with uncertainty
ranges) for a number of Australian and
Interational studies in Figure 3.
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Figure 3: Estimated emission abatement costs"
(and their uncertainty range) from different
Australian and International studies for coal-fired
electricity generation with geosequestration, '*

The cost estimate quoted in the PMSEIC
Beyond Kyoto report is drawn from unpublished
data by Roam Consulting, so the chosen criteria
and methodology in its calculation are unknown.
Nevertheless, it is some four to five times less
than these other published estimates, which all
suggest significant abatement cosis.

2 There are also difficulfies in converting US$ estimates to
A$%. The currency exchange rate has varied over the
approximate range A$1 = US$0.50-0.80 over the last fen
years. Also, it appears that the capital costs of coal-fired
plant in Australia are lower than typical US plant costs —
other factors are clearly relevant in making cost conversions.

' These results are presented in terms of $/tCO, emissions
avoided. In our view, this is the more relevant for making
greenhouse abatement technology comparisons than
electricity ($/MWh) costs given the different greenhouse
intensities of various low-emission generation options.

" The CSIRO study considered two hypothetical projects —a
coastal plant using ocean sequestration, and an inland plant
sequestering into a depleted gas field. GEODISC base their
capture costs on international estimates of US$25-40/tCO;.

Possible future costs.

There are opportunities to reduce these costs
with time, and experience via: (Freund, 2002)

e technology improvements — perhaps novel
R&D breakthroughs or steady progress,

» economies of scale with larger plants, and

¢ technology learning associated with growing
deployment. This is generally described
through the use of experience curves.

It is difficult, however, to put numbers to these
possible cost reductions, particularly before a
technology has been successfully
demonstrated."”® At present, regardless, the cost
uncertainties outlined above far outweigh
possible leamning effects (Gielen, 2003).

Potential scale of abatement:
Global:

Studies to date have confirmed that there is
potentially a very large worldwide storage
resource. Some theoretical global estimates from
the IEA (Gale, 2002) are shown in Table 1.
These were derived using general assumptions —
actual or realisable storage potential will require
regional studies and analysis. Such research is
underway worldwide, including Australia. '®

Table 1: Theoretical global storage potential.

Storage option Gt CO, (% est. global
CO; emissions to 2050)

Depleted Oil + Gas fields 020 (45%)

Unminable coal beds 40 (2%)

Deep Saline Aquifers 400-10,000 (20-500%)

15 Both engineering assessments and experience curve
analysis can play a role in estimating possible future costs,
Coal-fired electricity generation with CO. capture and
sequestration has not yet been deployed so experience
curves cannot be directly applied. However, some of the
likely key components are in use, and can be separately
analysed. The mature and widely deployed technology
components may not offer great cost reduction opportunities.
Nevertheless, there can be considerable ‘learning’ when
integrating such existing technologies (IEA, 2000).

ABARE (2003) comments that “Speculating about
renewables costs beyond 2010 is just that — speculation.”
This is even more applicable to an unproven technology.

'8 See, for example, Bradshaw (2002) “Broad brush style
estimates of CO. storage potential at the glebal and
continent scale are probably of limited value for future
research programmes, and more sophisticated storage
capacity estimates are required that integrate economics,
source to sink matching and technical viability.”



The Australian Electricity Industry and Climate Change — What Role for Geosequestration? 9

Clearly, the greatest resource potential is that of
deep saline aquifers. However, these are also the
least understood and potentially expensive type
of reservoir. The proximity of suitable storage
near large point emission sources is also a
critical determinant of the potential storage
resource given the costs that would be involved
in transporting CO, large distances.

Australia:

Australia’s GEODISC' program has made some
preliminary regional estimates of national
storage potential (Bradshaw, 2002; Allinson,
2003). This work suggests that Australia’s
storage potential may be very large — 1600 years
or more of present emission levels. However,
some 95% of the identified resource is deep
saline aquifer and there would seem to be only
very limited opportunities for high value EOR
and ECBM sequestration.®

The great majority of Australia’s identified
storage potential is located in North Western
Australia — an impractical distance from existing
coal-fired generation on the east coast.””
GEODISC results to date suggest that Victoria’s
brown coal plant may have good sequestration
options, Queensland’s black coal plant moderate
sequestration potential while NSW’s black coal
generators likely have poor opportunities.

Nevertheless, GEQDISC’s findings to date
suggest that Australia might potentially be able
to annually sequester 50-70% of stationary point
source emissions {Allinson, 2003).

Other societal factors:

A range of other societal factors and impacts
also need to be considered when considering
sustainable energy options. These include:

' This program commenced in the Australian Petroleum
CRC, and now continues in the CRC for GHG Technologies.

18 The IEA (Gale, 2002) notes that GEODISC work to date
has concluded “opportunities for CO, EOR and CQ. storage
in deep unminable coal seams are limited and oniy niche
opportunities may occur. Also, due to the immaturity of oil
and gas production in Australia, storage of COz in depleted
gas fields is not a near term oppeortunity. CO; storage in
deep saline aquifers is, therefore, likely to be the most likely
route for storing large volumes of COz in Australia.”

'® The IEA (Gale, 2002} highlights the “clear dichotomy
between Eastern Australia (where there are larger CO:
sources and reservoirs with low storage capacity) and -
Western Australia {where there are smaller CO; sources and
{arger storage potential)”.

Direct environmental risks:

Geosequestration  involves a range of
environmental risks that are only poorly
understood. Some of the major risks are outlined
in Table 2 (adapted from Tarlo, 2003).

Tahle 2: Environmental risks with geosequestration

Risk Possible consequences

Slow, long-term escape  Global warming

of CO; to atmosphere™

Sudden large-scale Asphyxiation of humans,

escape of CO; to animals and plants

atmosphere?!

Escape of CO; to Water acidification,

shallow ground waters  mobilised toxic metals,
leached nutrients
(Bruant,2002)

Contamination of potable
water sources

Displacement of deep
brine upward

Escape of other captured Range of possible
hazardous flue gases (eg. environmental harms
SOx, NOx)

Other environmental impacls:

Coal-fired electricity has a range of adverse
environmental impacts other than climate
change. These include regional air pollution,
water usage and significant land use impacts.

Wider economic impacts:

The coal industry makes an important
contribution to the Australian economy and, in
particular, national exports. Technologies that
allow continued use of coal while meeting
Australian and International climate protection
objectives might protect this contribution.

There are other wider economic factors to
consider as well. For example, the present
Australian coal mining, processing, and
electricity generation sector is a relatively poor
creator of jobs per dollar of investment — largely
due to its capital intensity and reliance on
imported technologies (MacGill, 2002).

2 This is particularly relevant to deep safine aquifers
because of our present poor understanding of their
geologies.

2 Such a release might result from seismic activity, and
there is some suggestion that sequestration activities might
cause geomechanical changes of this type.
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Energy security:

Australia has very substantial coal reserves —
perhaps 300 years or more at present rates of
consumption. If secure long-term greenhouse
abatement is possible, these coal reserves offer
considerable energy supply security.

Comparing abatement options

A range of emission abatement approaches and
associated technologies might contribute to
longer-term abatement in the electricity sector.
These approaches include:

e end-use energy efficiency in appliances,
equipment, the built environment and
industrial processes,

o lower-emission fossil fuel technologies
including CCGT plant and distributed gas-
fired generation options like cogeneration,

* renewable generation sources such as PV,
wind power and biomass, as well as

¢ ecological or geological sequestration.

While it is beyond the scope of this paper to
make a full technical assessment of how these
options compare, we will briefly consider the
key factors for such comparison.

Technical feasibility:

There are many proven and commerciaily
available energy efficiency, high-efficiency
fossil fuel and renewable energy technologies.
Some of these technologies are already widely
deployed in some regions of the world.

For example, high efficiency household
appliances are increasingly available to
consumers, highly efficient CCGT is now the
preferred electricity plant in many parts of the
world while wind power is the fastest growing
electricity source in the world.

There are also speculative and as yet unproven
technology developments in these fields as well.
Nevertheless, the deployed technologies clearly
pose far less technical risk than currently
unproven approaches including coal-fired
generation with geosequestration.

Delivered energy services (benefits):

The different abatement technologies offer
different energy services and benefits. Energy

efficiency effectively ‘delivers’ saved energy
right where it is required — at the end-user.
Distributed renewables and other small-scale
generation can also deliver power where it is
consumed. This avoids network losses and can
potentially defer network upgrades.

For larger-scale generation, CCGT plant has
advantageous investment and operational
(dispatchability) characteristics compared with
coal-fired plant. Some important renewable
energy sources, however, have wvaried and
somewhat unpredictable generation and this may
impose additional costs on industry operation.

In terms of greenhouse abatement, energy
efficiency offers abatement equivalent to the
emissions of the electricity supply that is
displaced. CCGT has emissions less than half of
conventional coal-plant while most renewables
have no emissions from operation. Lifecycle
emissions can, however, be significant for some
renewables — for example, some biomass and
FV. In comparison, coal-fired generation with
geosequestration seems likely to have emissions
some 40% of CCGT, and an order of magnitude
greater than promising renewables like wind.

Costs:

The difficulty in cost estimates, and hence
comparisons, has been noted above. The costs of
proven and commercially available technologies
are reasonably well understood, but can vary
greatly depending on application specific and
methodological factors.

Certainly, end-use energy efficiency offers some
of the most cost-effective greenhouse gas
emissions reductions available — many energy
efficiency options have negative abatement costs
(IPCC, 2001). The cost of CCGT generated
electricity depends greatly on the fuel cost. In
regions with plentiful low cost gas, these plants
can offer lower cost generation than coal-fired
units. This is not, however, currently the case in
much of Australia given very low coal costs.
Renewable energy sources generally have higher
direct costs than fossil fuel generation. Recent
wind power and biomass projects in Australia
have generation costs perhaps double coal-fired
plant (CoAG, 2002) while PV is an order of
magnitude more expensive.

It is difficult to make comparisons between
these commercially available and increasingly
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deployed technology options against coal-fired
generation with geosequestration. With this
Proviso, we present some approximate estimates
of their respective abatement costs in Figure 4.
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Figure 4: Approximate estimated abatement
costs for different options in comparison to
conventional Australian coal generation.??

These costs are somewhat project dependent,
particularly those for wind and biomass projects.
CCGT generation costs are very dependent on
gas prices and availability at particular locations.
Nevertheless, it is clear that coal-fired electricity
with geosequestration likely faces severe cost-
competition in terms of delivering abatement.

These costs may change markedly with the scale
of abatement sought, as discussed in the next
section. There is also potential for the costs of
all these options to fall with technical progress
and greater deployment. For example, the costs
of wind power have fallen some 20% in the last
five years (EWEA, 2002). The cost of coal-fired
electricity with geosequestration is dominated
by present uncertainties but could also be
expected to fall with R&D, demonstration and
eventually large-scale deployment.

Potential scale of abatement:

All the identified abatement options would seem
to offer potentially significant abatement
opportunities. The IPCC (2001) estimates that
global emissions from buildings and industry
could be more than halved by 2020, with most
of this abatement at net negative direct costs.

Z Many energy efficiency oplions have low or even negative
abatement costs (IPCC, 2001). Abatement costs for CCGT
and wind/biomass projects are calculated from CoAG (2002)
estimates of $/MWh costs. Geosequestration costs are
averaged from published studies. Costs for all technologies
will, of course, change with technical progress and
increasing scales of deployment.

The UK DTI (2003) White Paper estimates that
half of the emissions reductions required in the
UK by 2020 can come from energy efficiency.

CCGT plant already makes a very significant
contribution to electricity supply in some
countries, For example, CCGT in the UK now
supplies almost the same amount of electricity
as conventional thermal plant. In Australia,
however, CCGT currently represents less than
5% of installed capacity. Significant expansion
will require gas supply and network develop-
ment but is certainly achievable (CoAG, 2002).
This does, however, raise questions about the
likely scale of low-cost Australian gas reserves.

The potential scale of renewable energy
deployment varies according to technology.
Biomass ‘fuel’ resources from waste streams
and agricultural crop residues are necessarily
limited. The use of energy crops expands fuel
availability but at a cost, and with eventual
limitations from agricultural Iand use.

Australia has a very large potential wind
resource. Most of this is in the south of the
continent and land-use conflicts may arise for
some of this resource. Costs may also rise as the
better sites are taken up. There are also
questions of how much wind can be
accommodated within present electricity
networks without imposing substantial costs.
Nevertheless, Denmark now gets 20% of its
electricity from wind and Germany almost 5%
(MacGill, 2003). Many European countries and
some US states have set very ambitious
renewable energy targets (BCSE, 2003).

In comparison, geosequestration offers a very
large but currently uncertain abatement
potential. The main limitations would currently
seem to lie in storage options for NSW, South
Australia and, to a lesser extent, Queensiand
regions with high emissions.

Other societal factors:

The various abatement options pose varied
environmental risks and impacts. Energy
efficiency has generally low risks and no
additional impacts. CCGT plant causes lower
air, water and solid waste environmental harms
than coal-fired generation. Some renewable
technologies can have regional pollutant impacts
— for example, biomass plants. They can also
have potentially significant land-use impacts.



The Australian Electricity Industry and Climate Change — What Role for Geosequestration? 12

400,000,000

250,000,000 1 -

D0, 000,000

100,000,000 T -

50,000,000 1~

Geosequestration poses some rather different
environmental risks from CO, leakage. In
particular, it can never be as safe an abatement
as leaving the coal in the ground.

With-regard to wider economic impacts, energy
efficiency and renewables offer some potentially
advantageous investment and job creation
opportunities (Greene, 2003; MacGill, 2002).

The energy security impacts of these abatement
options also vary. Reducing energy use is one of
the best energy security options available.
Renewable generation can also offer longer-term
energy security advantages through the use of
natural renewable energy flows, although short-
term variations in their availability can raise
short-term energy security challenges.

Some geosequestration scenarios

There are great challenges in determining
possible emission abatement futures in the
longer-term given the range of present and
possible future abatement technologies, and their
potential technical feasibility, cost, abatement
scale and other impacts. Nevertheless, scenario
analysis can be a useful tool for exploring
possible futures and guiding policy making.

Australian scenarios:

The PMSEIC Beyond Kyofo report presented
some electricity sector emission scenarios as
shown in Figure 5. From these, it concluded that
“although these are extreme scenarios the chart
indicates that within the foreseeable future, only
carbon capture and geosequestration has the
potential to radically reduce Australia’s
greenhouse signature.”
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Figure 5: Abatement potential of electricity
technology options (taken from PMSEIC, 2002).

It is not clear how such a conclusion was
reached. The report’s sequestration scenario
would seem to assume that electricity use can
increase some 130% over the next 30 years
while all electricity generation by then comes
from ‘zero emission coal’ Geosequestration
starts to contribute to emission reductions in
around 2006.

GEODISC scenarios suggest that up to 70% of
present stationary sector emissions (the
electricity sector presents 70% of this) might be
sequestered (Allinson, 2003). Passey (2003) has
explored other possible geosequestration
scenarios with different assumptions of
electricity demand growth and sequestration
potential. These suggest generally more modest
abatement potential because of the difficulties in
matching suitable storage to some regions with
high emissions, and likely rates of introduction.

More generally, no PMSEIC scenarios
combining the range of available abatement
technologies - energy efficiency, high efficiency
fossil fuel generation and renewables — are
presented for comparison.” Furthermore, there
is no discussion of the very different risk
profiles presented by the different scenarios.

Global scenarios:

Some preliminary global scenario work by the
IEA (Gielen, 2003) wusing their Energy
Technology Perspective (ETP) model is
showing very different outcomes to those of
PMSEIC, as shown in Figure 6. In particular,
geosequestration plays almost no role in 2020
and only a minor role in 2040 — renewables
make over twice its contribution. Other scenario
results also suggest a major decline in global
coal-fired electricity whether geosequestration is
available or not. There are important caveats

with this (and all) scenario modelling.
Nevertheless, it suggests other possible
technology futures where geosequestration

might play a useful but far from dominant role.

There is a broad international consensus
including (IPCC, 2001; UNDP, 2002 and UK
DTI, 2003) that approaches combining energy
efficiency, distributed cogeneration, renewable

2 See, for example, work by CSIRO {Graham, 2003)
modelling Australian energy scenarios with conventional and
renewable energy sources.
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energy and low-emission fossil fuelled
generation hold the greatest potential for large
scale emission reductions.
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Figure 6: Electricity production from different
peneration options — some preliminary results
from IEA ETP modelling (taken from Gielen,
2003). Note that the reference scenario assumes
no CO; policies, TAX50 assumes an emission
penalty of US$50/tCOz-e from 2010, and a
sensitivity analysis (SA) assumes TAXS5(Q yet
excluding Solid-Oxide Fuel Cell breakthroughs
{which reduce geosequestration costs).

Innovation policy implications

An important question is whether present
Australian innovation policy for sustainable
energy reflects both:

o the urgent need to drive major innovation in
abatement technologies, and

» a risk-based technology assessment of the
different abatement options in order to focus
R&D and commercialisation (deployment)
efforts effectively.

This answer is almost certainly no, with only
modest levels of government funding support for
R&D and inadequate demand-pull (market
development) measures. There is also growing
concern that the government is trying to pick
winners with its support for geosequestration.

Geosequestration:

The Government’s “principal source of
independent advice on issues in science,
engineering and innovation”, PMSEIC, has
made only two specific policy recommendations
for driving innovation in emission abatement
technologies. These are the establishment of a
national ‘near zero emissions coal generation’

development and demonstration program, and
the need for market instruments to drive
deployment of low emission generation.

We would certainly agree with the IEA (2001)
that “In view of the many uncertainties about
the course of climate change, further
development of CO2 capture and storage
technologies is a prudent precautionary
action.”

However, considerable uncertainties remain
with the technical and economic feasibility of
the technology. At the same time, there will be
very significant financial risks in large-scale
demonstration projects.

For example, ‘FutureGen’ is a US government
led ten-year research project to build the world’s
first coal-fuel plant to produce electricity and H,
with zero emissions (DoE, 2003). The capital
cost of this 275MW plant and sequestration
infrastructure is estimated to be around A$1.3
billion — some four times greater ($/MW) than
conventional coal plant. The US government
expects the private sector will fund only 20% of
this,

There has been very limited success with large-
scale demonstration programs of this type. The
US Clean Coal Technology program spent
around A$1.8 billion of public funds over more
than a decade to develop advanced power
generation technologies. There has, however,
been no commercial uptake of these
technologies by US companies {Watson, 2000).

Australia has far less capability in advanced
coal-fired generation and geosequestration
technologies than the US, and therefore faces an
even greater challenge in undertaking such
demonstration projects.

There are lower risk approaches. For example,
the IEA’s Early Opportunities Study is focussing
on existing high CO, purity emission sources
and well understood, high value, EOR and
ECBM storage reservoirs (Gale, 2002).
Unfortunately, such opportunities are not likely
to be available to the Australian Electricity
Industry.

There are also important questions on the time
required for large-scale demonstration projects
to be undertaken, and then, if successful, for
wide scale deployment to begin, It is difficult to
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envisage  geosequesiration entering  such
deployment before 2015 even with successful
demonstration efforts. Market-based deployment
programs only really have a role once
technologies are proven and demonstrated.

Some useful innovation policy directions:

While this question lies beyond the scope of this
paper, there are some useful guidelines for
policy development to consider.

Local deployment delivers local abatement.
Also, near commercial abatement technologies
have a ‘value chain’ that goes from
manufactured equipment through system
integration, project development, installation,
operation all the way to on-going maintenance.
Even with imported hardware, local deployment
programs can deliver local earned value,
knowledge (‘software’) and institutional
capacity (‘orgware’) through most of this chain.
Deployment also supports local manufacturing
opportunities,

R&D efforts in local technology ‘software’ and
‘orgware’  for  internationally  available
‘hardware’ can greatly support sustainable local
competitive advantage. R&D efforts in novel
hardware, however, generally face far greater
international competition.

Innovation policy for abatement technologies:

Energy efficiency technologies have important
R&D and Demonstration needs. For the many
existing technologies, however, the main
challenge is to drive wide deployment. This
largely requires regulatory, and perhaps targeted
market-based, mechanisms given that there are
many highly cost-effective options that are still
not being adopted by energy users.

CCGT and gas-fired distributed generation
options in Australia are highly reliant on the
development of gas infrastructure, and
governments have an important role in this.
Along with regulatory and possible incentive
arrangements,  there  are  market-based
mechanisms such as the Queensland 13% Gas
Scheme, or National Emissions Trading that
might be used. Distributed generation also faces
a range of barriers from NEM arrangements.

Renewable energy has wital R&D and
Demonstration needs to seek novel technologies

and breakthroughs. Commercially available
renewables, however, mainly require wide scale
deployment to drive down costs. MRET is a
useful market-based driver for this, but is likely
to require an expanded target in order to be
effective. Other barriers including present NEM
regulatory arrangements also need addressing,

Geosequestration requires R&D efforts. Early
demonstration projects are high risk and best
based on ‘easier’ and lower-cost opportunities
with high purity CO, emission sources (to
reduce capture costs) and well-understood
sequestration reservoirs (to reduce storage risks).
These opportunities are unlikely to lie in
Australia’s electricity sector.

Conciusions

This paper began with the question of what role
geosequestration can play in greenhouse
abatement in the Australian electricity industry.
The answer is that we don’t yet know, and we
need to find out as part of a process that:

e reduces risks and maximises our emission
reduction opportunities through a portfolio of
technology options for abatement, that are

e supported by a coherent innovation strategy,
which is

e carefully integrated within a wider energy
and climate policy framework.
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Renewable energy

Australia’s largest sugar company has unveiled plans to upgrade one of its mills in North
Queensland including a new bagasse-fired cogeneration plant. The opening story of this feature
Jooks at how the powerplant will work, as well as how the efficiency of the mill will be improved. -
" The feature also outlines the current use of renewable energy in Australia, visits 2 new sustainable
development in a Sydney suburb and looks at two tidal powerplant proposals in Europe.

More power from bagasse

Australia’s largest sugar company, CSR Limited has unveiled plans
to upgrade the efficiency of one of its mills in North Queensland
and build a $100 million bagasse cogeneration plant at the site.
Shayne Rutherford, CSR Sugar general manager of strategy
planning and business development, said the project at CSR’s
Pioneer raw sugar mill at Brandon, in the Burdekin River District,
south of Townsville, will comprise two componénts of approxi-
mately equal capital cost - the mill efficiency works and the
powerplant. ' '

“The mil} efficiency works will improve the steam geneiéation and

38 ENGINEERS AUSTRALIA NOVEMBER 2003

. consumption efficiency of the sugar mill,” he explained.
“We will do this by upgrading an existing boiler to
produce higher pressure higher temperature steam,
installing new process vessels, improving process
steam efficiency with two new evaporators and re-
placing the existing mill steam drives with electric
drives powered by anew 27.5MW backpressure steam

* turbine generator.

“The second component of the project will com-
prise a dedicated export electricity generation
powerplant including a new 65 bar boiler, a 35MW
steam turbine generator, a cooling tower and associ-
ated works.

“The Pioneer mill presently generates the energy
required for its own sugar milling operations from
bagasse obtained primarily from the sugar cane crushed
at the mill. But it does not burn all the bagasse it
generates and there is currently an excess of about
70,000t/2. Improving the steam consumption efficiency
of the mill will give us another 60t/h of bagasse that
will be able to be used for generating electricity in the
new powerplant.”

When the project is completed, the mill will have a
total generation capacity of 63MW. 45MW of this will
be sold into the Queensland electricity grid as part of
a 10-year power supply agreement between CSR and
state-owned electricity retailer Ergon Energy, while

b the balance will be used to power the upgraded sugar

mill.

CSR managing director Alec Brennan said the com-
pany is already a significant producer of renewable
energy, currently operating a 50MW plant at its Invicta
sugar mill, also in the Burdekin District. The Pioneer
mill will increase the renewable electricity exported by
CSR from 150,000MWh/a to 350,000MWh/a.

CSR expects to shortly finalise which company or
companies will be awarded the EPCM (engineering,
procurement, construction management) contract to
deliver the project. Initial site construction is expected
to commence in the noncrushing season of the first half
of 2004, with completion scheduled by June 2005, in
time for the commencement of crushing operations. W
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COURSE SYLLABUS

Energy Tomorrow: An Engineering and Management Perspective

Course Code: ELEC0390

This five-week course for engineering students explores energy and sustainability,
with a focus on new developments in lower-emission fossil fuels, energy
efficiency, renewable energy technologies and nuclear power.

The course is available to students who are currently majoring in a tertiary
(college or university) engineering course. There are no formal pre-requisite
courses given the scope of materials covered in this course. It is, however,
assumed that each student has a basic working knowledge of the underlying
principles of energy, and one or more energy technologies. Students
undertaking related studies in science and design may also be permitted to enrol
subject to the approval of the academic course coordinators.

The program is based on a 75-hour combination of lectures, tutorials, laboratory
work, demonstrations, site visits, computer simulations, assignments and
discussion periods.

The University of New South Wales is recognized as the top university for energy
R&D in Australia with many of the research groups among the world leaders in
their field. Various UNSW lecturers will cover the topics included in the course.

Energy and Sustainable Development

Energy Storage

Our society’s energy systems have a critical role to play in driving sustainable
development. Key sustainability drivers are energy poverty in the developing
world, energy for social welfare and development and the environmental harms
of present energy systems. We consider three key issues:

The current status of global energy systems

This topic examines the current status and present international outlook for
both traditional and renewable energy sources; energy, economic growth and the
environment, implications of the international climate negotiations; and
structural change in the electricity supply industry.

Sustainability challenges and options

This topic will consider the current status and trends of existing energy systems
with regard to the three sustainability drivers of energy poverty, social welfare
and development, and environmental impacts.

A sustainable ‘energy services’ paradigm

This topic describes an ‘energy services’ model for designing sustainable energy
systems that are highly energy efficient and use cleaner fossil-fuel and renewable
energy sources. There is a particular focus on sustainable energy technology
innovation.

Energy storage systems include electrochemical, chemical and thermal. The
principles of electrochemical energy systems and fundamentals of
electrochemistry, secondary batteries and fuel cells are considered. The latest
advanced batteries for stationary and mobile applications, including the
vanadium redox flow battery, sodium sulphur, zinc-bromine, sodium metal
chloride and nickel-hydride are discussed. Laboratory work includes battery
design, testing and performance calculations.
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Energy and the Process Industries

Process industries form the basis of modern society and will continue to play a
major role. Research initiatives worldwide have paved the way for advancing the
development of sustainable processes. Energy efficiency and waste utilisation are
some of the key features of many of the sustainable processes that will be
discussed.

Renewable Energy technologies

This topic will cover the key renewable energy sources for sustainable energy
systems:

Biomass

Considers biomass and agricultural wastes in the production of alternative fuels.
Ethanol production technology, from both yeasts and bacteria including
genetically engineered micro-organisms (GMOs) and all the issues that this raises
for large-scale ethanol production; methane via biogas technology; and other
fuels via pyrolysis and combustion.

Photovoltaic Devices and Systems

Will examine the basics of converting sunlight into electricity; the behaviour of
solar cells; cell properties; system components; applications; grid connection;
system design, including for RAPS (remote area power supply) applications.
Experimental work will be carried out at the Photovoltaic Centre teaching
laboratories where there are operating PV systems connected to the grid, solar
pumping systems and where development work has taken place on the solar
powered car.

Wind Energy

Will describe the components of a wind turbine; examine the interaction of wind
and rotor; consider fatigue; and examine the process of electricity generation
and supply to the grid (wind farms).

Emerging Energy Technologies

There are a number of highly promising but, as yet, commercially unproven
energy technologies which may play a very important role in our future energy
systems over the longer term. We focus on emerging Carbon Capture and
Storage (CCS), geothermal, solar, Generation III and proposed Generation IV
nuclear power plants and hydrogen technologies.

Energy Tomorrow: An Engineering and Management Perspective page 3
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Course Aims and Objectives

This course aims to:

Provide an increased understanding of the global energy systems and the
sustainability related issues likely to influence future energy development and
management

Identify those new energy technologies (and their limitations), which are
likely to affect the course of future energy development and management

Provide a detailed understanding of options and opportunities for these new
energy technologies to help Australia and the world address major energy
challenges

Learning Outcomes

At the successful completion of the course, the student will be able to:

describe key issues and design choices in achieving more sustainable energy
systems

explain the key attributes of the sustainable energy technology options that
have been presented over the course

apply a range of relevant quantitative models for these technologies

assess and appreciate the challenges of our transition towards greater
sustainability

Graduate attributes are the skills, qualities, understandings and attitudes a

university agrees its students will develop during their program of study. Some

faculties including Engineering have contextualised agreed UNSW-wide

Graduate Attributes according to their disciplines and professional areas. The

course delivery methods and course content address a number of core UNSW

graduate attributes; these include:

The skills involved in scholarly enquiry, in particular, the appreciation of and
ability to indulge in research.

An in-depth engagement with the relevant disciplinary knowledge in its inter-
disciplinary context

Development of analytical and critical thinking.
Ability to engage in independent learning.

Information literacy - skills to appropriately locate, evaluate and use relevant
information

Development of effective communication skills

The skills required for collaborative and multidisciplinary work

Refer to http://www.ltu.unsw.edu.au/content/userDocs/GradAttrEng.pdf for
more information.
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Teaching Method

Assessment

Lectures will make extensive use of PowerPoint slides and white board work.
PowerPoint printouts will be provided at the start of lectures by the lecturers.
Additional information and reading materials will also be progressively made
available, however they are no substitute for accurate notes, and active student
participation through questions and informal exercises during the lectures.

Another key component of the teaching method is the field trips that will be
taken over the course. Participation is obligatory.

Students are expected and will benefit from attendance at every lecture. The
course will cover a diverse range of material with an approach that is not readily
found in textbooks or the literature. Note that UNSW policy is that you are
expected to be regular and punctual in attendance at all classes in the course.
See https://my.unsw.edu.au/student/atoz/AttendanceAbsence.html for details.
Class rolls may be taken.

Major assignment (essay) 25%
Presentation 10%
Class assignments 20%
Final exam 45%

Students are required to attend all lectures and tutorials and to complete all
assessment tasks. Failure to do so without legitimate reason will result in failure
to graduate from the course.

Students will be assessed throughout the program. The assessment is in three
parts:

(1) Most units of the program will have some form of assessable activity.
Questions will be assigned from the readings and class work

(2) Essay and oral presentation. Students will be assigned in week 1 to small
groups, to work on a project specifically in one of the topics covered by the
course. Students will write a report to be completed by week 4 and also make a
short verbal presentation on the project in the final week in Sydney.

(3) Final examination. A multiple-choice exam covering all course work will be
given in the final week of the program in Cairns.

All marking will be in accordance with the UNSW scale:

Fail <50%
Pass 50-64%
Credit 65-74%
Distinction 75-84%
High Distinction >85%
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COURSE SYLLABUS

Course Notes

Copies of PowerPoint slides and notes will be provided by each of the lecturers in
the course.

UNSW Engineering: School and Units

The Faculty of Engineering consists of ten schools:

Biomedical Engineering

General Information - Website: http://www.gsbme.unsw.edu.au/

Chemical Sciences and Engineering

General Information - Website: http://www.chse.unsw.edu.au/

Civil & Environmental Engineering

General Information - Website: http://www.civeng.unsw.edu.au/

Computer Science and Engineering

General Information - Website: http://www.cse.unsw.edu.au/

Electrical Engineering and Telecommunications

General Information - Website: http://www.eet.unsw.edu.au/

Mechanical and Manufacturing Engineering

General Information - Website: http://www.mech.unsw.edu.au/

Mining Engineering

General Information - Website: http://www.mining.unsw.edu.au/

Petroleum Engineering

General Information - Website: http://www.petrol.unsw.edu.au/

Photovoltaic and Renewable Energy Engineering

General Information - Website: http://www.pv.unsw.edu.au

Surveying and Spatial Information Systems (formerly Geomatic Engineering)

General Information - Website: http://www.gmat.unsw.edu.au/



COURSE SYLLABUS

Plagiarism

Plagiarism is the presentation of the thoughts or work of another as one’s own.* Examples include:

» direct duplication of the thoughts or work of another, including by copying work, or knowingly
permitting it to be copied. This includes copying material, ideas or concepts from a book, article, report or
other written document (whether published or unpublished), composition, artwork, design, drawing,
circuitry, computer program or software, web site, Internet, other electronic resource, or another person’s
assignment without appropriate acknowledgement;

* paraphrasing another person’s work with very minor changes keeping the meaning, form and/or
progression of ideas of the original;

* piecing together sections of the work of others into a new whole;

* presenting an assessment item as independent work when it has been produced in whole or part in
collusion with other people, for example, another student or a tutor; and,

* claiming credit for a proportion a work contributed to a group assessment item that is greater than that
actually contributed.}

Submitting an assessment item that has already been submitted for academic credit elsewhere may also be
considered plagiarism.

The inclusion of the thoughts or work of another with attribution appropriate to the academic discipline
does not amount to plagiarism.

Students are reminded of their Rights and Responsibilities in respect of plagiarism, as set out in the
University Undergraduate and Postgraduate Handbooks, and are encouraged to seek advice from
academic staff whenever necessary to ensure they avoid plagiarism in all its forms.

The Learning Centre website is the central University online resource for staff and student information on
plagiarism and academic honesty. It can be located at:

www.lc.unsw.edu.au/plagiarism

The Learning Centre also provides substantial educational written materials, workshops, and tutorials to
aid students, for example, in:

* correct referencing practices;
e  paraphrasing, summarising, essay writing, and time management;

* appropriate use of, and attribution for, a range of materials including text, images, formulae and
concepts.

Individual assistance is available on request from The Learning Centre.

Students are also reminded that careful time management is an important part of study and one of the
identified causes of plagiarism is poor time management. Students should allow sufficient time for
research, drafting, and the proper referencing of sources in preparing all assessment items.

* Based on that proposed to the University of Newcastle by the St James Ethics Centre. Used with kind
permission from the University of Newcastle

1 Adapted with kind permission from the University of Melbourne.
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STAFF

STAFF

Course Conveners

Dr. Iain MacGill, BE MEngSc (Melb) PhD (UNSW) MIEEE

Associate Professor in Energy Systems

School of Electrical Engineering and Telecommunications
The University of New South Wales

Ph: 02 9385 4920

Email: i.macgill@unsw.edu.au

Iain MacGill is Joint Director (Engineering) of the Centre for Energy and
Environmental Markets (CEEM) and an Associate Professor in the School of
Electrical Engineering and Telecommunications at UNSW. His main research
interests are in the policy and technical frameworks required for integrating
renewable energy technologies into power system planning and operation. Iain
has a decade of experience in the energy sector and undertakes consulting work
for a range of government and industry clients.

For more information on CEEM’s work visit website: www.ceem.unsw.edu.au.

Dr. Peter L Rogers, BE (Adel) MBA (UNSW) DPhil DSc (Oxon) FIEAust

Emeritus Professor

School of Biotechnology and Biomolecular Sciences
The University of New South Wales

Ph: 02 9385 3896

Email: p.rogers@unsw.edu.au

Peter Rogers is an Emeritus Professor in the School of Biotechnology and
Biomolecular Sciences, UNSW. He has a BE in Chemical and Metallurgical
Engineering, an MBA and research Doctoral Degrees the latter from Oxford
University. He carried out postdoctoral studies in bioprocess modelling at the
Canadian National Research Council Laboratories in Ottawa, and has been held
Visiting Professorships at MIT (Boston) and ETH (Zurich). He has an active
involvement in renewable energy research and holds international patents and
numerous scientific publications on high productivity processes for fuel ethanol
production. He has been a consultant to an R&D program with the National
Renewable Energy Laboratories (NREL), Golden, Co. and Dupont on conversion
of agricultural/forestry resources (biomass) to ethanol. He has extensive
experience in SE/NE Asia and has worked with the World Bank, UNESCO,
UNDP and other United Nations programs. In 2004, he received the Exxon-
Mobil award for ‘Excellence in Innovation in Chemical Engineering’.



STAFF

Additional Course Teaching Staff

Robert Largent, AS (USA)

Technical Support Staff

School of Photovoltaic and Renewable Energy Engineering
The University of New South Wales

Ph: 02 9385 5457

Email: r.Jargent@unsw.edu.au

Robert Largent has been the manager of the Design Assistance Division (DAD)
of the UNSW Key Centre for Photovoltaic Engineering for over a decade. The
DAD provides photovoltaic engineering, renewable energy systems expertise and
expert non-partisan services to companies and government bodies. In Australia,
Robert has worked strongly with the National Parks and Wildlife Service
providing the design, specification, and later commissioning of diesel-PV-battery
hybrid systems at Montague Island National Park and Greencape National Park.
Robert has worked closely with the Vanadium Research Group at UNSW
designing equipment and offering system expertise for the installation of the
Vanadium Battery-PV hybrid residential systems in Thailand. He has consulted
for the Federal Ministry of Health, India through the World Health
Organisation.

Dr. Veena Sahajwalla, PhD (U Michigan) FTSE, FIEAust CPEng
Scientia Professor

School Materials Science and Engineering

The University of New South Wales

Ph: 9385 4426

Email: veena@unsw.edu.au

Scientia Professor Veena Sahajwalla is the leader of research into Sustainable
Materials as the Director of Sustainable Materials Research & Technology
(SMaRT@UNSW) at the University of New South Wales. She holds an ARC
Future Fellowship. Veena’s research interests throughout her career have been
in sustainability of materials and processes with an emphasis on environmental
and community benefits. Through this interest, Veena has invented an
environmentally friendly process of recycling plastics and rubber tyres in
steelmaking. Veena is an international award winning scientist and engineer
who has presented on her research and experiences throughout the world. She
has collaborated with Australian companies and overseas companies/institutions.
She has established excellent working relationships and a deep knowledge of
industrial processes and issues/problems. She has published in excess of 190
papers in journals and conference proceedings. In 2005, she received the Eureka
Prize for Scientific Research. She also received the 2006 Environmental
Technology Award from Association of Iron & Steel Technology in the United
States for her research into recycling waste plastics in steelmaking. She was
elected as a Fellow of the Australian Academy of Technological Sciences and
Engineering (ATSE) in 2007. Veena was born in India. She received BTech,
Metallurgical Engineering, Indian Institute of Technology, Kanpur, India; MASc,
Metals and Materials Engineering, University of British Columbia, Canada and
PhD, Materials Science and Engineering, University of Michigan, USA. She is
passionate about science and engineering. She encourages young people to
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STAFF

consider science and engineering as a career path; and is very active in
communicating her ideas to students. She is one of the judges on the ABC TV
show, “The New Inventors”.

Dr. Maria Skyllas-Kazacos, AM, BSc (Hons I), PhD (UNSW), FIEAust, FRACI.
Professor

School of Chemical Engineering

The University of New South Wales

Ph: 9385 4335

Email: m.kazacos@unsw.edu.au

Maria Skyllas-Kazacos is a Visiting Professorial Fellow in the School of Chemical
Sciences and Engineering. After working for a year as a Postdoctoral Fellow at
Bell Telephone Laboratories in Murray Hill New Jersey in 1979 she was awarded
a 2-year Queen Elizabeth II Postdoctoral Fellowship at UNSW where she
continued her research in liquid junction solar cells. In 1982, she was appointed
as Lecturer in Chemical Engineering and Industrial Chemistry, reaching the
level of Professor in 1993. In 1985 she led the team that invented the All-
Vanadium Redox Battery (VRB) that is now being commercialised by a number
of companies around the world, including Sumitomo Electric Industries Japan.
Her pioneering work on the VRB led to more than 30 international patents, over
100 publications in international journals and a number of prestigious awards.
Since 1994, more than 20 VRB systems have been installed in a range of
applications in Japan, USA, Australia and Europe. These range from wind energy
storage systems on the Japanese island of Hokkaido and on Australia’s King
Island, to PV, load-levelling, peak shaving and emergency back-up power
applications. Between 200 and 2006, Maria was Director of the UNSW Centre for
Electrochemical and Minerals Processing that also conducted teaching and
research programmes in Aluminium Smelting Technology. Her research
interests continue to cover energy storage and aluminium smelting, where her
focus has been on energy efficiency and greenhouse gas reduction.

Ted Spooner, BE, ME (UNSW)
Former Senior Lecturer, Visiting Fellow

School of Electrical Engineering and Telecommunications

The University of New South Wales
Ph: 9385 4047
Email: e.spooner@unsw.edu.au

Ted Spooner received his BE and ME degrees from the University of New South
Wales in 1970 and 1973 and has been a Senior Lecturer at The University of New
South Wales in the School of Electrical Engineering and Telecommunications
since 2002. His research interests are in renewable energy applications and
power electronics. He was project leader for Australia’s renewable energy
systems testing laboratory now known as RESLab. He is currently a chair of
Australian Standards Committee responsible for renewable energy systems. He is
also the Australian representative on the International Electrotechnical
Commission’s (IEC) technical committee TC82 for Photovoltaics and leader of
the IEC TC82 systems working group developing international standards for
photovoltaics.



STAFF

Dr. Alistair Sproul, BSc (Hons I) (Syd) PhD (UNSW)
Associate Professor

School of Photovoltaic and Renewable Energy Engineering
The University of New South Wales
Ph: 9385 4039

Email: a.sproul@unsw.edu.au

Alistair Sproul is an Associate Professor and Postgraduate Coordinator within the
School of Photovoltaic and Renewable Energy Engineering at UNSW. His
current research interests are in the area of PV/energy systems for low energy
buildings and highly efficient water pumping systems. Alistair has worked in the
area of photovoltaic research and R&D since 1985 in a range of positions with
various companies (BP Solar, Pacific Solar) and research institutions (UNSW,
Fraunhofer Institute for Solar Energy Systems). Since 2001 he has been strongly
involved in developing and delivering the undergraduate program within the
School of Photovoltaic and Renewable Energy Engineering at UNSW.
http://www.pv.unsw.edu.au/Staff/alistairsproul.asp
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Study Abroad Conveners

Clare Mander
Program Coordinator
UNSW Study Abroad
Ph: +61 2 9385 1656
Mobile: 0415 033 101

Email: c. mander@unsw.edu.au

Tom Kuffer

Program Coordinator
UNSW Study Abroad

Ph: +61 2 9385 3178

Mobile: 0412 894 282

Email: t.kuffer@unsw.edu.au

Fax: +61 2 9385 1265

Contacting Students
At any time during the program students can be reached by mail at the following
address:

Student's Name

c¢/0 UNSW Study Abroad Summer School
UNSW Study Abroad Office

Level 16, Mathews Building

The University of New South Wales
Sydney, NSW 2052

Australia

Messages can also be left for students using the contact details above for Clare or Tom.

Hotel/hostel contact details appear in the Course Itinerary section of this pack. They
are however, subject to change.



ACCOMMODATION

ACCOMMODATION

Darwin

Melbourne

Sydney

Cairns

Melaleuca on Mitchell
52 Mitchell St

Darwin, NT 0800
Phone: +61 8 8941 7800
Fax: +61 8 8941 7900

15 June - 24 June

Nomads Melbourne Backpacker Hostel
198 A’Beckett St

Melbourne, VIC 3000

Phone: +61 3 9328 4383

Fax: +61 3 9328 4863

24 June - 27 June

New College

330 Anzac Parade

University of New South Wales
Sydney, NSW 2052

Phone: +61 2 9381-1999

Fax: +61 2 8344 4550

27 June - 12 July

Rydges Esplanade Resort

Corner The Esplanade and Kerwin Street
Cairns, Queensland 4870

Phone: +61 7 4044 9000

Fax: +61 7 4044 9001

12 July - 19 July
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CLASSROOM ALLOCATIONS

CLASSROOM ALLOCATIONS

Darwin
Week 1:

16 - 18 June Bul Bul Room, Travelodge Mirambeena Resort

22 June Bul Bul Room, Travelodge Mirambeena Resort

23 June Nemarluk Room, Travelodge Mirambeena Resort

Sydney (UNSW)

Week 2:

28 June Room 418, Electrical Engineering and Telecommunications
(map ref G17)*

29 June- Room 418, Electrical Engineering and Telecommunications
(map ref G17)

Week 3:

2 July Room GI11, Materials Science (Map ref E8)

3 July Field Trip: Energy Efficiency Centre (Silverwater)

4-6 July Room 418, Electrical Engineering and Telecommunications
(map ref G17)

Week 4:

9 July Room 418, Electrical Engineering and Telecommunications
(map ref G17)

10 July Room G17, Biological Sciences (map ref D26)

11 July Room G17, Biological Sciences (map ref D26)

Cairns

Week 5:

14 July Field Trip: Sugar Producing Areas (Mossman, Port Douglas)

15 July Crystal Twig Room, Level 1, Rydges Esplanade Resort

16 July Crystal Twig Room, Level 1, Rydges Esplanade Resort

*Campus Map included in Student Handbook



TEACHING PROGRAM

TEACHING PROGRAM

Darwin and Kakadu

Date

Time

Activity

Friday 15 June

12.00pm

Arrive Darwin
Met at Darwin International Airport by UNSW Summer School
staff and taken to accommodation

Staying at:

Melaleuca on Mitchell Backpacker
52 Mitchell St

Darwin, NT 0801

Ph: +61 8 8941 7800

Fax: + 61 8 8941 7900

http://www.momdarwin.com/

3.00pm - 4.00pm

Collect course material from Melaleuca on Mitchell deck area

4.15pm

Assemble in Melaleuca car park and walk to the Mirambeena Resort

4.30pm - 6.00pm

Travelodge Mirambeena Resort

Orientation and introduction of academic staff

6.00pm - 7.30pm

Welcome Reception

Saturday 16 June 1.00pm - 5.00pm Bul Bul Room, Travelodge Mirambeena Resort
Class: Course Introduction (Iain MacGill)
Sunday 17 June 9.00am - 1.00pm Bul Bul Room, Travelodge Mirambeena Resort

Class: Energy and Sustainable Development I (Iain MacGill)

3.00pm - 4.00pm

Excursion: NT Museum and Art Gallery

Evening activity

Mindil Beach Markets

Monday 18 June

9.00am - 1.00pm

Bul Bul Room, Travelodge Mirambeena Resort

Class: Energy and Sustainable Development II (Iain MacGill)

Tuesday 19 June - 7.00am Bus departs to Kakadu
Thursday 21 June 3-Day Field Trip: Kakadu National Park
Friday 22 June 1.00pm - 5.00pm Bul Bul Room, Travelodge Mirambeena Resort

Class: Photovoltaic Devices and Systems I(Ted Spooner)
Saturday 23 June 9.00am - 1.00pm Bul Bul Room, Travelodge Mirambeena Resort

Class: Photovoltaic Devices and Systems II (Ted Spooner)
Sunday 24 June 10.45am Assemble in Melaleuca foyer for departure

1.30pm Depart Darwin on QF839 to Melbourne
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TEACHING PROGRAM

Melbourne
Date Time Activity
Sunday 24 June 6.05pm Arrive Melbourne and transfer to accommodation:
Nomads Melbourne Backpacker Hostel
198 A’Beckett St
Melbourne, VIC 3000
Ph: +61 3 9328 4383
Fax: +61 3 9328 4863
Monday 25 June 10.00am Assemble in lobby for departure for field trip
11.00am - 12.00pm  Field trip: Centre for Education and Research in Environmental
Strategies (CERES) (Guided Tour)
PM Free time
Tuesday 26" June 7.00am Assemble in lobby for departure for field trip
11.00am Field trip: Codrington Wind Farm — Port Fairy (Guided Tour)
2.00pm - 7.00pm Return to Melbourne via Great Ocean Road
Wednesday 27 June 10.30am Depart accommodation for airport
1.00pm Depart Melbourne on QF434 for Sydney
Sydney
Wednesday 27 June 2.25pm Arrive Sydney Domestic Airport. Bus transfer and settle into New
College UNSW
New College
Anzac Parade,
Kensington NSW 2052
Ph: +61 2 9381 1999
Fax: +61 2 8344 4500
Thursday 28 June 9.00am - 1.00pm Room 418, Electrical Engineering and Telecommunications
Class: Energy Storage I (Maria Skyllas-Kazacos)
PM Campus Tour and student ID’s
Friday 29 June 9.00am - 1.00pm Room 418, Electrical Engineering and Telecommunications

Class: Energy Storage II (Rob Largent)

Saturday 30 June - Sunday
1 July

Free Days

Monday 2 July 9.00am - 1.00pm Room G11, Materials Science
Class: Energy and the Process Industries (Veena Sahajwalla)
Tuesday 3 July 9.00am - 1.00pm Field Trip: Ausgrid Energy Efficiency Centre, Silverwater (Iain
MacGill)
NOTE: Closed shoes need to be worn during this field trip for
safety reasons
Wednesday 4 July 9.00am - 1.00pm Room 418, Electrical Engineering and Telecommunications
Class: Energy Efficiency I (Alistair Sproul)
Thursday 5 July 9.00am - 1.00pm Room 418, Electrical Engineering and Telecommunications
Class: Energy Efficiency II (Alistair Sproul)
Friday 6 July 9.00am - 1.00pm Room 418, Electrical Engineering and Telecommunications

Class: Wind Energy (Iain MacGill)

Saturday 7 July - Sunday 8
July

Free Days




TEACHING PROGRAM

Monday 9 July 9.00am - 1.00pm Room 418, Electrical Engineering and Telecommunications
Class: Emerging Technologies (Iain MacGill)
Tuesday 10 July 9.00am - 1.00pm Room G17, Biological Sciences
Class: Introduction to Bioenergy (Peter Rogers)
Wednesday 11 July 9.00am - 1.00pm Room G17, Biological Sciences

Class: Student Presentations (Iain MacGill/Peter Rogers)

Thursday 12 July 7.00am Assemble at New College for departure by bus to the airport
9.15pm Depart Sydney on QF924 to Cairns
Cairns
Thursday 12 July 12.25pm Arrive Cairns and settle into accommodation

Rydges Esplanade Resort

Cnr The Esplanade and Kerwin Street,
Cairns, Queensland 4870

Ph: +61 7 4044 9000

Friday 13 July

Free Day

Saturday 14 July

9.00am - 4.00pm

Field Trip: Sugar growing regions at Mossman and Port Douglas
(Peter Rogers)

6.30pm - 8.30pm

Activities information and sign up — Joseph Banks Ballroom

Sunday 15 July

9.00am - 1.00pm

Crystal Twig Room, Rydges Esplanade Resort
Class: Bioenergy (Peter Rogers)

Monday 16 July

9.00am - 11.00am

Crystal Twig Room, Rydges Esplanade Resort
Final Exam

7.00pm - 9.00pm

Final Program Dinner

Tuesday 17 July -
Wednesday 18 July

End of academic program
Relax in Cairns

Optional trips to Great Barrier Reef diving/ snorkelling, white
water rafting, bungy jumping and skydiving

Thursday 19 July

3.30am Assemble in foyer for departure to airport
5.30am Depart Cairns on QF799 to Brisbane (ETA 7.30am)
10.55am Depart Brisbane on QF15 to Los Angeles

(ETA 7.00am, 19 July)
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ASSIGNMENT DETAILS

ASSIGNMENT DETAILS

As part of the assessment for this course you have to submit a group report on
one of the following topics. The assignment will be worth 25% of the final
assessment. Your group will also have to give a short presentation on the essay
topic, which will be worth 10% of the final assessment.

Method of allocating groups and topics will be determined when we first meet
and the allocation made before the end of week 1. Every effort will be made to
give you your preferred choice of topic.

You should contact the report supervisor at least twice. Given that you will be in
Darwin for the first 2 weeks of the course, where you will have access to the
Internet but not personal access to your supervisor (except for Iain MacGill and
Ted Spooner), the first contact should be as soon as possible by e-mail. A good
time for the second contact is a few days before the presentation is due. The
supervisor will be the marker of the report.

ASSIGNMENTS ARE TO BE HANDED IN AT THE TIME OF GIVING THE
PRESENTATION IN SYDNEY ON WEDNESDAY OF WEEK 4.

Assignments should be structured as:

. One page Executive Summary
. Introduction;

. Objectives;

. Body of Report;

. Conclusions;

. References.
You can find advice on technical report writing at the UNSW Learning Centre
website — www.lc.unsw.edu.au. Expected length is about 3000 words (not

including references).

PRESENTATIONS will be of 10 minutes duration, with a further 5 minutes
available for questions. Data projection facilities will be available for PowerPoint
presentations.

All the professors will be invited to attend but please note that not all will be
available. Your presentations will be held in a recess period at UNSW and many
other Universities. Many conferences and other such events, both international
and local, are therefore held at this time and some of your lecturers may be away
attending one of these.



Topics

Energy and Sustainable Development 1

Discuss the prospects for renewable energy resources over the next decade in the
context of growing global environmental concerns. What (global) policies could
enhance the rate of uptake of renewable energy technologies?

Energy and Sustainable Development 2

Describe the concept of peak oil and present the various arguments for and
against the likelihood that we have already, or are close, to reaching an oil
production plateau.

Energy and Sustainable Development 3

Energy Efficiency 1

Energy Efficiency 2

Wind Energy 1

From the perspective of the US economy, outline what you think will be the key
energy issues through to the year 2025 and describe their implications.

Contact for all Energy and Sustainable Development projects: A/Professor Iain MacGill,
School of Electrical Engineering. E-mail i.macgill@unsw.edu.au

Describe the concept of energy services with respect to the design of energy
efficient technologies and systems. Provide examples of how this approach can
work. Outline some key energy efficient equipment and appliances options for
the residential sector and estimate the potential energy consumption reductions
that can be achieved.

Outline some key energy efficient equipment and appliances options for the
commercial sector, estimate the potential energy consumption reductions that
can be achieved and describe key policy options and efforts to date in the United
States to achieve these.

Contact for all Energy Efficiency projects: A/Professor Alistair Sproul, School of PV and
Renewable Energy Engineering. E-mail a.sproul@unsw.edu.au

Objectives:

*  To apply your skills for research and information gathering to a wind turbine
design task;

* To explore design factors that are relevant to wind turbine durability and
efficiency;

* To use the results of your research to design a state-of-the-art wind turbine;

* To discuss, analyse and collate the research results and summarise these in
the form of a report.

Task:

You are a member of a wind turbine design-engineering group. The team has
been given a brief to develop the next generation of utility-scale wind turbines
for operation in all climates and extreme wind conditions. Summarise the main
design features, which should be incorporated. The project is not limited by cost
at this stage — the objective is to explore the cutting edge of technology
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Wind Energy 2

developments. As a starting point, it is suggested that you assess the advances in
turbine design over recent years, considering all major components (rotor,
generator, power electronics, tower etc.).

In your report you should consider such aspects as:
Materials (including materials used for individual components); Design
(including the geometry and size of components); Quality control aspects.

Objectives:

* To apply your skills for research and information gathering to a wind farm
design task;

e To explore design, construction and operational factors relevant to
commercial wind farm projects.

* To use the results of your research to prepare an example project proposal
for a US utility that has put out a tender for additional generating plant.

Task:

A large mid-west US electricity utility has put out a tender requesting proposals
for new power projects to help it meet growing electricity demand. You are the
leader of a team developing a proposal that offers to build this utility a large
wind-farm. You need to develop a strong case for why this utility should consider
wind power rather than gas, nuclear or coal fired generation. You need to design
a wind farm for the utility clearly highlighting the engineering choices available
and the financial and operational impacts of these choices.

Your report should take the form of an 'example' proposal along the lines of

*  why the utility should consider wind power

* a range of possible wind farm designs that highlight the choices available,
and decisions required in terms of wind turbine design and wind farm
locations, size, grid connection, operating impacts on the utility grid,
estimated power production and capacity factors, estimated capital and
operational costs, community issues etc.

Useful references for all the wind projects include:

*  Danish Wind Energy Association. This has an excellent on-line tutorial on all
aspects of wind power. www.windpower.dk

* American Wind Energy Association. Excellent information on the US wind
resource including wind maps, recent US projects, estimated costs etc.

WWWw.awea.org
* The European Wind Energy Association. This site has some useful
publications including one on best practice guidelines for wind farm
developments. www.ewea.org
* US NREL wind technology centre. The home of US government research
into wind technologies. http://www.nrel.gov/wind/

Contact for all wind energy projects; A/Professor Iain MacGill, School of Electrical
Engineering and Telecommunications. E-mail i.macgill@unsw.edu.au

Energy and the Process Industries 1

Electric Arc Furnace (EAF) Steelmaking is the process of recycling scrap metal to
make new steel. The furnace can be charged with up to 100% scrap. This
method is lower cost than traditional BOF steelmaking when scrap steel is readily
available. It conserves raw materials like iron ore and coke. Steel is 100%
recyclable.

Power is supplied by electrodes to the furnace. The power applied creates an arc
between the electrodes and the scrap steel. The energy from the electric arc



melts the scrap and raises the bath temperature to 1600°C. The EAF
Steelmaking process usually takes from 35 minutes up to 180 minutes.

In USA, EAF steelmaking accounts for approximately 50% of the steel
production. Analyse the energy consumption in EAF steelmaking process for a
range of steel producers in USA (at least 3 different steel plants). Explain the
variation in energy efficiency for the range of producers considered. What
recommendations could be made to improve energy efficiency of EAF
steelmaking process.

Energy and the Process Industries 2

Energy Storage 1

Energy Storage 2

Ironmaking is the first step in the steelmaking process. Itis a continuous process
that runs 24 hours a day, 7 days a week. Burden are the materials charged into
the blast furnace. The burden consists of coke (source of carbon for reduction),
iron ore, and flux. These raw materials are charged at the top of the blast
furnace.

Reduction occurs and produces iron during the ironmaking process. The molten
iron is drained into torpedo cars which transport the iron to steelmaking. The
torpedo cars are on rails and are lined with refractory bricks to keep the iron hot
and to protect the car itself. Iron contains approximately 4% carbon in addition
to other impurities (Si, Mn, P, S). Energy for blast furnace (BF) ironmaking
process is provided in the form of carbon which also serves as a reductant.

Analyse the energy consumption in BF ironmaking process for a range of
iron/steel producers in USA (at least 3 different steel plants). Explain the
variation in energy efficiency for the range of producers considered. What are
the current limitations of the BF technology with respect to its reliance on the
specific carbon requirements for the process.

For the two topics on Energy and the Process Industries, you could use the

following: www.steel.org

Contact for Energy and the Process Industries topics: Professor Veena Sahajwalla, School
of Materials Science and Engineering. Email: veena@unsw.edu.au

Discuss the Current Status of Battery Development for Electric Vehicle
Applications.

"Review the recent progress on photoelectrolysis of water and discuss the
potential cost and energy saving benefits over coupled photovoltaic-electrolysis
systems for hydrogen production."

Contact for energy storage topics: Rob Largent, Manager, Design Assistance Division,
Photovoltaics Special Research Centre. Email r.largent@unsw.edu.au

Photovoltaic Devices and Systems 1

Topic “Development of the Photovoltaics Industry”

The photovoltaic industry has developed rapidly over the past 2 to 3 decades.
Investigate the significant developments, challenges and the role of external
organizations in growing the industry. Investigate what the significant challenges
the industry faces moving forward.
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Photovoltaic Devices and Systems 2

Biomass 1

Biomass 2

The cost of photovoltaic (PV) systems has now reduced to the extent that they
can be competitive with electrical grid extension in certain situations. In this
topic, you will investigate the factors that affect a decision to install a PV system.

For each of the following similarly sized small homesteads, discuss whether (i) a
stand alone PV system with battery storage, (ii) a grid connected PV system, or
(iii) grid extension without a PV installation would be the best option based on
economical (rather than environmental) considerations:

(a) Southern Alaska, 100km from the grid;

(b) Northern Montana, 15km from the grid;

(c) South eastern California, 3km from the grid.

In your report, discuss such factors as relative energy consumption likely in each
location, insolation (sunshine) levels, effects of temperature, cost vs efficiency of
different cell/module types and the necessity of including battery storage in
stand alone systems. Assume that grid extension (approx. $15,000/km), and

balance of system (batteries, inverter, cabling and installation) costs are similar at
each location.

Finally, suggest alternative system configurations, (such as those which
incorporate more than one renewable energy technology) which may optimise
the cost effectiveness of the system.

Bibliography: (For all PV topics)
General info: http://www.iea-pvps.org/

Lots of interesting survey information on aspects of PV implementation and
growth figures.

http://en.wikipediaa.org/wiki/photovoltaics

Solar data for selected sites: http://www.nrel.gov/rredc/solar data.html

NASA Surface Meteorology and Solar Energy:
http://eosweb.larc.nasa.gov/cgi-bin/sse/register.cgi

Equipment supplier site: http://www.pvpower.com/

Texts:

S.R. Wenham, M.A. Green, M.E. Watt & R. Corkish, Applied Photovoltaics UNSW
2nd Edition (2006) ISBN 0-7334-2175-X

Contact for all photovoltaic topics: Ted Spooner, School of Electrical Engineering and
Telecommunications. Email: t.spooner@unsw.edu.au

Analyse the impact of the current global biofuel production programs (eg in
Brazil, the US, Europe etc) on reduction of Greenhouse Gas (GHG) emissions.
Discuss also the evidence for the impact of increasing GHGs on climate change.

Biofuels involving ethanol and biodiesel blends from renewable agricultural/
forestry resources are playing an increasing role in liquid fuel production.



Discuss the key factors likely to influence the future production costs of both
carbohydrate-based and hydrocarbon-based fuels over the next 5 -10 years.

Key reference for both assignments:
US Roadmap for bioenergy and biobased products:
wwwl.eere.energy.gov/biomass/pdfs/obp_roadmapv2_web.pdf

Contact for both biomass projects: Professor Peter Rogers, Biotechnology, Samuels
Building. Email: p.rogers@unsw.edu.au

N.B. All UNSW staff can be contacted by email or phone. Check the UNSW directory or
see details provided in the ‘Staff’ section above
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