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INTRODUC TION

My original intent was to do an educational sabbatical to study Renewable Energy. Ihad
identified two Masters degree courses in England that seemed interesting and appropriate,
and submitted my proposal to the Sabbatical and Leaves Committee. The problem was
that the course units were “foreign” and I needed to demonstrate that they were
equivalent to American course units. The usual way to do that is to have a transcript
evaluated, but one can’t have a transcript to evaluate without first having done the
courses. The solution was to transform my “educational”” sabbatical into a “project”
sabbatical, where the main thrust of the project was to study Renewable Energy in the
United Kingdom.

The difficulties in defining such a project (and the joys of doing one) are that you
can’t know quite what you are going to learn until you’ve completed the project. It turns
out that besides learning about Renewable Energy I’ ve also learned quite a bit about the
English education system, English history and politics, English and European energy
policy, emissions trading schemes, the economics of project investments, how
Engineering differs from Physics, Third World development projects, and waste disposal.
I’ve also had the opportunity to be reminded as to what higher education looks like from
the student side of the desk. I’ve been exposed to a variety of teaching styles (some
inspiring, some aggravating) and a very different assessment and testing scheme.

On the more personal side I got to be in a new and less stressful environment. I
learned a tremendous amount about archaeology, Romano-British history, medieval
weapons, the Crusades, castles and their evolution, siege engines, and the history of the
English crown. I joined a local recorder group, attended weekly practices with
“ordinary” people (although they were hardly ordinary) and got to perform at the 800"
anniversary celebration of a local church and a manor house dating back to medieval
times.

WHAT 1 DID

Back in May 2002 I flew to England for five days to evaluate two programs in
Renewable Energy—one at Loughborough (in the Midlands) and the other at the
University of Reading (about 25 miles west of London). On the basis of that visit I
decided to enroll at the University of Reading. The official MSc. course title is
“Renewable Energy and the Environment”, which resides in the University’s Engineering
Department.

At the end of the summer I flew to England and stayed in University
accommodations until I found a house to rent. I had a visit up to Edinburgh to visit
friends and learn some Scottish history. Then I returned to Reading and I started my
coursework



My first term’s courses (Fall) were:
Energy and the Environment
Wind and Hydro Energy Systems (a double course)
Biomass Energy Systems
Solar Energy Systems
Weekly visiting speakers

My second terms courses (Winter) were:
Carbon Management
Meteorology
Sustainable Development
Project Planning and Rural Energy Systems
Advanced Solar Energy
Advanced Biomass Energy
Weekly visiting speakers

At the end of the winter term I sat for my exams, and then there was a course trip
to Wales where we stayed at the Centre for Alternative Technology (CAT) and visited
wind farms and small-scale (and not so small-scale) hydropower installations.

The rest of my time in England was spent in working on my MSc project
(characterizing the energy flow in a particular anaerobic digestion scheme, and
comparing the results with a self-built lab-scale anaerobic digester) and packing up to
come back to the States.

Throughout the course and my stay in England I went to various conferences,
museums, and renewable energy installations.

THE REPORT

It is difficult to summarize a year’s studies in a single report. I have thousands of pages
of notes from my courses; I’ve read hundreds of papers in preparation for assignments;
done dozens of problems and written out dozens of responses to questions in preparation
for exams; and spent hundreds of hours in lab or working on my research. I’ve also
attended conferences and visited various sites.

For completeness’ sake I have summarized the courses I’ ve taken (objectives,
lecture topics, and assessment methods). I have opted to include as appendices some of
the many assignments I’ve done. For a group assignment I have included the parts that I
wrote. I’ve also included a summary of my research project and results. I’ve included
very short summaries of Renewable Energy sites I've visited.

I’ve intentionally chosen to leave out notes and worked problems from the exam
preparation I’ve done, copies of course handouts and some of the papers I’ve written or
lab practicals I've written up on the assumption that they would be of little-to-no interest
to anyone but myself.

I’ll conclude with an attempt to summarize the entire experience, and my hopes
for where it is all going.



COURSEWORK

Energy and the Environment

Objectives

= Review some of the concerns associated with the sustainability of current energy use,
in particular environmental concerns

= Evaluate possible alternatives, in particular in the electricity and transport sectors

= Emphasis the advantages and disadvantages of renewable energy, from an
environmental point of view

Lecture topics

Global Energy use and the environmental concerns

Climate change and air pollution

Electricity generation using fossil fuels

Renewable energy: opportunities and environmental concerns
Nuclear power. End use efficiency

Fuels cells and their applications

Cars and the environment

Catalysts and automobile emissions

Assessment

= 25%--Briefing for a politician on global energy use

= 25%--Analysis of an article from Physics World: “Do we need nuclear power?”

= 50%--Individual report and presentation (I chose to write on Dye-Sensitized
Photovoltaics)

Highlights:

= Examining global energy use statistics, developing an appreciation for how we get
our electricity (55% from coal in the US), and how much energy is involved in
transport

= QGetting a sense of the disparities in energy use between the developed and the
developing world

= Finding out just how hard it is to get good data on the costs and risks and benefits of
nuclear energy

= Writing a paper and giving a presentation on a potentially revolutionary way of
making photovoltaic cells (the ordinary window glass is the most expensive part of
the whole module!)

Solar Energy

Course Objectives:

To provide:

* An understanding of the design and operation of solar energy systems

= Quantitative skills to assess the performance of solar energy systems

= An understanding of the social and environmental relevance of solar energy

= Competence at using PV-SYST, a photovoltaic systems design software package



(Solar Energy Systems, continued)
Lecture Topics (2 hours each):

Applications of Solar Energy; Solar Radiation

Solar Radiation

PV cells and Modules

Introduction to PV Systems

Application and design of grid-connected PV systems
Application and design of standalone PV systems
Introduction to solar thermal, flat plate collectors
Solar water heaters

Solar thermal systems and applications

Assessment:

30%--Design a grid-connected solar roof for a 3x15 meter aviary at Beale Park (a
local wildlife park), estimate the electrical output, and do an economic analysis of the
project based on both the current United Kingdom government incentive scheme and
the current German government incentive scheme.

70%--Final exam.

Highlights:

Using a software package to predict outputs from various combinations of PV
modules and inverters; designing and sizing the various components of a system
Discovering how expensive solar energy systems really are, and how uneconomic
they are except in very specific circumstances

Learning the various clever ways that solar thermal collector manufacturers improve
the efficiency of their systems

Biomass Energy Systems
Lecture Topics

Biomass Resources

Combustion of Biomass: Furnace and Stove Design
Charcoal Manufacturing and Briquetting
Anaerobic digestion—Digester design

Energy from wastes

Pyrolysis and Gasification

Plant-derived Fuels—Alcohol and biodiesel

Assessment:

30%--Lab practical—Evaluating the Efficiency of an Ethiopian Stove
70%--Final Exam

Highlights:

Learning how to convert wastes into useful energy
Looking at the energy balance and economics of alcohol and biodiesel production



Wind and Hydro Energy Systems (a double course)

Lecture Topics

= Introduction to the physics of energy generation from wind and hydro power

= Aerodynamics of lift machines; Engineering description of wind and hydro machines
(coefficients and dimensionless numbers used to describe their performance);
Estimating output from a machine (wind distributions and flow duration curves);
Central vs. Distributed electricity generation and distribution;

Modern wind turbine generator technology

Assimilating intermittent renewable sources

Economic analysis of wind and hydro projects

Assessment:

®  30% (wind)—Characterizing Wind Turbine Performance

*  30% (hydro)—The Use of Induction Machines as Integrated and Stand-Alone
Generators

» 70% (each course)—Final Exam

Highlights

= Application of Freshman and Sophomore level physics to a huge range of energy
generation systems

= Understanding of how aggregation of intermittent energy sources can lead to a
relatively dependable source of energy, and how flexible the grid is in absorbing
intermittent generation

Sustainable Development

Objectives:
* To provide insight into the practice of Sustainable Development, with particular
emphasis on the creation, application and interpretation of indicators as tools

Lecture Topics

Meaning of Sustainable Development
Environmental Quality

Economic and poverty dimensions to sustainability
Human Development

Seeking Sustainability—Some examples
Sustainable management of complex systems
Sustainable agriculture and livelihoods and the Project Approach
PRACTICAL: Fish Banks Game

Institutional Sustainability

Case Study—Nigeria

Assessment:
= 50%--paper (I chose to write on Integrated Biosystems for Sustainable Development)

= 50%--Final Exam



(Sustainable Development, continued)

Highlights:

= Fish Banks game, a group simulation exercise in which you (and everyone else) try to
maximize your profit form a particular fishery. Points out the real-world difficulties
in trying to regulate a common resource, and why such efforts usually fail until the
resource is already at crisis point

= Seeing how traditional top-down project-based development tends to fail, and that
successful develop tends to require a long-terms investment of time and money, and
needs to reflect the self-perceived needs of the people being helped

= Researching integrated biosystems, and seeing how, in a well-integrated and well-
managed system wastes from one part of the system (say, cow manure) provide
energy and food for another part of the system (and anaerobic digester whose effluent
feeds a duckweed pond) which cleans the wastes and provides food back into the
system (duckweed gets used as cattle feed)

Meteorology

Objectives:

= To develop an understanding of the meteorological processes which are a potential
energy resource or may be affected by human energy usage

= To provide a summary of meteorological parameters which are routinely measured
and may be useful for energy assessment

» To investigate the methods of measurement of meteorological parameters with
emphasis on the limitations of the instrumentation and error estimation

Assessment:

* 50%--two practicals—on analysis of variation of wind speed with height, and another
of the distribution of wind speeds over time

*  50%--final exam

Highlights:
* Mostly interesting stuff. I’d never had a proper meteorology course before

Advanced Biomass

Lecture Topics:

* Modeling biogas plants
* Thermodynamic cycles
= Engines

=  Combustion Theory

Assessment:

* 35%--Electricity from biomass—Description of a 15 Megawatt wood gasification
plant where the gas produced would be used to generate electricity

= 30%--Engines lab—Comparison of engine operations on diesel and biodiesel

= 35%--Spreadsheet analysis of combustion of wood gas in an engine; design of a
burner to use such gas from cooking



(Advanced Biomass, continued)

Highlights:

Learning about Heat Transfer (a course I’ve never had, but now want to take)
Using Physics 4B level thermodynamics to model engine operations
Discovering how different the Physics and Engineering approaches to problem
solving are.

Advanced Solar Energy Systems
Lecture Topics

Heat-transfer modeling of a solar thermal collector
Evaluation of solar resources

Performance assessment of PV systems
Performance and application of PV concentrators

Assessment:

35%--spreadsheet analysis of a solar thermal collector

30%--group lab report—analysis of the performance of a stand-alone battery-
charging PV system

35%--Assessment of manufacturer’s literature (advertising claims for solar PV and
solar thermal collectors)

Highlights:

Application of basic heat transfer to a “real” problem
Critical analysis of manufacturer’s advertising literature and claims

Carbon Management
Objectives:

Examine the evidence for Global Warming; Examining the global carbon cycle
understand the Kyoto protocol and the mechanisms embedded in it to reduce
greenhouse gas emissions ‘

Develop a carbon management plan

Lecture Topics:

Why manage Carbon? Overview of climate change

Sources and sinks of greenhouse gasses

Case studies of carbon management—examples, role of renewable energy and energy
efficiency

UK carbon emissions trading scheme

Kyoto project based mechanisms: Joint Implementation (JI) and the Clean
Development Mechanism (CDM)

The Framework Convention on Climate Change and the history of the Kyoto protocol

Assessment

30%--Assignment on data-sourcing and analysis of greenhouse gas emissions data
30%--Group case study assignment and presentation
40%--Final Exam



(Carbon Management, continued)

Highlights:

= Deeper look at the problem of global warming

= Intellectual challenge of defining system boundaries and defining a “system” when
looking at managing greenhouse gas emissions

» Looking at a particular company and seeing how government policy can “drive”
corporate activities and decisions in a particular way

= Deep research into landfill operation

MY DISSERTATION/RESEARCH

Project Overview

Anaerobic digestion is a process whereby organic material is broken down, through the
action of a mixed population of bacteria in the absence of oxygen, to produce a mixture
of methane and carbon dioxide. This is a process that occurs naturally in lagoons and
bogs and in the digestive systems of certain animals (such as cows).

Because the gas produced has the potential to be used as fuel, people have built
anaerobic digesters in various forms to treat organic wastes and/or to capture the gas
produced for use as fuel. Literally hundreds of digester designs exist. The details of the
actual digester depend on numerous variables, including the type and volume of
feedstock, the temperature at which the process is run, the amount of gas required,
whether the ultimate purpose is for gas production or waste treatment, what level of
technology is available, and of course, the amount of money available to be spent.

Biogas from anaerobic digestion is generally considered a renewable energy
source, in that the fuel source is usually organic waste material. It is also generally
considered “carbon-neutral” in that the carbon dioxide that is produced from the
combustion of biogas for energy comes from carbon that was originally taken up from the
atmosphere in the formation of the plant biomass that ultimately ended up in the wastes.
Although on the national scale, anaerobic digestion of waste will not make a large dent in
the overall national energy production, it does have the potential to generate significant
energy locally where large supplies of waste organic material exist and the energy can be
used locally.

This study attempts to look at one particular anaerobic digestion scheme, the
Bioplex process, looking at one particular feedstock. It will look at the energy inputs and
outputs for the process, and attempt to evaluate how “renewable” and “carbon-neutral”
the process is. It will also compare the digester-scale gas production with lab-scale trials
using the same feedstock.
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How Bioplex fits into overall UK waste disposal scheme

The Bioplex process is one of many different ways of carrying out an anaerobic digestion
scheme. Although the specifics of the process will be described in section 2.2, the
general process involves the following steps:

* Organic waste (manure, catering wastes, food processing wastes, abattoir wastes, etc.)
are loaded into an insulated trailer or tip

» The wastes are flooded with “liquor” containing bacteria that are acclimated to the
particular conditions (in this case, 58°C)

= After three days, the liquor is drained into a digestion tank and the wastes are dumped
onto a concrete pad and composted.

* The liquor is digested for approximately ten days and the biogas (approximately 60-
70% methane) that is produced is used to co-fire a spark-ignition diesel engine
connected to an electrical generator. The electricity (from the generator) and heat
produced (from cooling the engine) are used to maintain the temperatures necessary
to sustain the digestion, with any excess being used to operate other farm facilities
(with the potential of selling the excess electricity to the grid).

Bioplex Limited markets the system as a means for farmers to make extra income by

going into the waste treatment business. Because of recent changes to UK landfill

legislation, the amount of organic waste that can go to landfill is being severely restricted,
and the costs of sending this waste to landfill in increasing. Given this situation, a farmer
who owns sufficient land and who has purchased the Bioplex system can charge tip fees
slightly below those of the local landfill, process the waste so that it meets the
government’s regulations for disposal onto land, and then spread the wastes on his own
farmland, thus improving his soil and saving money on fertilizer.

How Bioplex fits into the Renewable Energy picture

Since the Bioplex process produces methane, the process could be considered to provide
renewable energy if the amount of energy in the biogas produces is more than what it
takes to run the process.

Details of the Bioplex process

Anaerobic digestion proceeds via a complex set of interacting steps involving complex
communities of micro-organisms, and there are numerous ways of modeling and
classifying the various steps in the process. It is useful for this discussion to consider the
anaerobic digestions process as taking place in two “stages”. In the first stage
(HYDROLYSIS) extracellular enzymes and extracellular non-biological processes
combine to break down some of the complex organic polymers (carbohydrates, proteins,
and fats) into simpler molecules (sugars, amino acids, and long-chain fatty acids). The
second stage (DIGESTION) involves breakdown of the products of hydrolysis into
shorter chain fatty acids (propionic, valeric, butyric acids), then to acetic acid, hydrogen,
and carbon dioxide, and finally to methane.
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The Bioplex process is a two-stage batch process which, in theory, serves to separate the
hydrolysis stage of the process from the digestion stage, with each stage taking place in a
different vessel. In practice the process involves:
= Loading a trailer halfway with manure or other feedstock

Filling the trailer the rest of the way with “liquor

]

= Running the hydrolysis stage in the trailer for 3 days at 55°C

= Pumping the now-fortified liquor back to the liquor tank, where the digestion stage
and biogas production takes place at 55°C for about 10 days, and dumping the
remains of the feedstock somewhere for aerobic composting.

®Load
Manure
in the
trailer

®Add
liquor to

the trailer

v@

Digest
wastes at
55-58°C
for 2-3
days

@Drain
liquor to
digestion
tank

®Dump

out

manure to

compost
®Digest @ Colleet
. biogas;
liquer at combust in
55°C for .
10.day an engine

In short, the idea is to place the feed in the trailer and flood it with a bacteria-containing
liquor that will hydrolyze and make soluble the carbohydrates, lipids, and proteins
present in the feed. The assumption (to be tested!) is that after three days one has
captured into the liquor much of the nutrients that will ultimately produce methane from
the feed. Now one can drain the liquor into a digestion vessel (where the methane
production will take place) and dump the remains of the feed onto a field where it can
compost and ultimately fertilize the ground.

There are several perceived advantages to separating the process out in this way:
= Since you only hold onto the feed for three days, it is possible to process a relatively

large volume of material over time without having a large facility.

= Since wastes have to be moved from where they are produced to where they will be
disposed of anyway, the cost of the trailer is not an ADDITIONAL cost. If you site
the digester close to the production site or the disposal site there is no additional cost
for transporting the wastes. The only additional cost (on the trailer end of things) is
in modifying the trailer for the addition and draining out of the liquor.

! The liquor consists of a mixture of facultative and anaerobic bacteria from previous digestions that are
acclimatized to working well at the thermophilic temperatures and with the feedstock that is being used.

12




= Because the feed never leaves the trailer, there is no expensive feed-handling
equipment or pumps that are required, and no danger of straw or rocks plugging up or
destroying the equipment.

The advantages of such a system can be best appreciated by comparing it will a more
standard Continuously Stirred Reactor, usually run at mesophilic temperatures (around
35°C). Here the wastes are diluted by at least a factor of two, the retention time is
typically around 15 days, and there are pumps for circulating the diluted slurry through
the reactor. The reactor has to be much bigger to accommodate the extra fluids and the
longer retention time, and the manure and straw have to be pre-processed before they can
be added to the reactor. The wastes at the end of the process are wet and bulky and have
to be pumped from the reactor to some trailer or truck for distribution or dewatering.
Any straw or rocks in the feed can jam or break the pumps.

The obvious disadvantage of the Bioplex system is that you only get out from the feed
those materials that can be hydrolyzed in a period of a couple of days. Any potential to
produce gas from materials that take longer that this to break down (such as the cellulose
in straw) is lost. Another disadvantage is that in order to perform the hydrolysis
effectively in a relatively short period of time the process must be run at relatively high
temperatures (55-60°C) so that some source of energy for heating the feed and liquor
must be provided. Ideally the Bioplex system would produce enough methane to provide
the necessary energy, resulting in a process that is self-sustaining from an energy point of
view.

Experimental Work--Overview

There are three parts to the experimental work:

= The first is perform an energy audit of the Bioplex process on the macroscopic scale
(how much energy is required to run the process, and how much energy does is
produce).

= The second is to characterize the process in terms of its efficiency in converting waste
to biogas. Simply put, a given amount of manure has the potential to be transformed
to a certain amount of biogas. Comparing how much gas the process produces
compared to how much gas could be produced indicates the efficiency of the process.

= The third is to determine how well the results of small-scale lab digesters (using
volumes of less than 5 liters) reflect the results from full-size digesters (with volumes
of 10 m® or more).

On the macroscopic scale, the amount of energy consumed to run the process can
be determined by looking at the amount of diesel oil and biogas consumed over one
process cycle. The amount of energy produced can be determined by looking at the
amount of biogas produced over one process cycle.

The efficiency of the process can be determined experimentally by digesting a
given amount of manure with some liquor and measuring the cumulative gas output and
methane content of the gas, and comparing this to the difference in gas output between
the original liquor and the enriched liquor. This can best be demonstrated by an example:

13



Suppose that:

Produces 1 lite
of methane

J

1 liter of original liquor

Produces 11
liters of methane

J

1 liter of enriched
liquor (after the soak)

Produces 51
liters of methane
1 liter of original liquor

+ 1 kg of manure and straw

Then the process efficiency is:

11liters —1liter
S1liters —11liters

x100% = 20%

Finally, the “match” between lab-scale and full-scale digesters can be determined by
measuring the gas output of the lab digester and scaling up the results.

Experimental Work

The actual experimental work consisted of:

* Loading the trailer with a know mass of feed (cow manure/straw or pig
manure/straw) and flooding the trailer with a known amount of liquor, and running
through the entire Bioplex process cycle, monitoring temperatures and energy use
(diesel consumption and biogas production/consumption) along the way.

= Sampling the feed and liquor at various points of the process for analysis in the lab.

14



= Design and construction of a large (approximately 5’ x 2’ x2’) insulated box with a
circulating fan (which run all of the time) and a heater (which was connected to a
temperature controller).

* Placement of the various samples (manure with liquor, liquor before the hydrolysis
soak and liquor after the hydrolysis soak) into 5 1/2 liter bottles. The bottles were
each stoppered with rubber bungs, and a hose through each rubber bung led out
through a small hole in the side of the box, through a moisture trap and into a large
Mylar party balloon. Thermocouples connected to a datalogger monitored the
temperature of the samples within the box.

= Analysis of the biogas. A gas “sniffer” used in the natural gas industry was used to
determine the methane content of the biogas in the balloons. The volume of gas
produced was determined by sucking the gas from the balloon into a water-filled
bottle from which the water was being siphoned. The volume of gas produced was
equal to the volume of water siphoned out from the bottle.

I ran the farm-scale process through three cycles, once with cow manure and straw, and
the other two times with pig manure and straw. In the lab I mirrored the farm process,
digesting the liquor for a total of 10 days. A sample of cow manure and straw with the
liquor was digested for 40 days to get a ballpark figure on how much gas could
potentially be produced from the process.

Resulis

The gas production in the lab mirrored very nicely the results of the full-scale process as
run on the farm. But it turns out that the process only produces between 2 and 5% of the
energy needed to sustain the process. That is, the same feed would have to produce
between 20 and 50 times as much gas as it did in order for the process to be self-
sustaining from an energy point of view. The kinds of process changes that this would
require (digesting the samples for longer times and improving the insulation on the
trailer) would negate the advantages of the Bioplex process and make the process
uneconomic, since the money is to be made by processing a large quantity of material.
Increasing the trailer’s and digester’s retention times would require the purchase of many
more trailers (a larger capital investment) or a reducing the volume of material digested
(a much lower income from waste treatment). That the process is profitable now is due
to the relatively low price of farm diesel in the UK.

A fuller analysis of the environmental friendliness or unfriendliness of the process
would require looking into the energy consumption of alternative waste treatment
regimes; taking into consideration the energy used to produce the fertilizers that this
process replaces; and comparing the global-warming-potential of the methane that this
process releases to the atmosphere with what would be released if the waste were put into
landfill instead. Such an analysis would be interesting, but is outside the scope of my
research project.

15



How this all relates to Mt. San Antonio College

One reason for choosing this particular research project was that I hoped it might apply to
Mt. SAC. We have a farm with several dozen cows and some pigs. It was my
understanding that the Agricultural District might be supportive of setting up a “model”
anaerobic digestion system on campus. I was hoping that the Bioplex system might work
out to be such a model system but it will not. Absent any requirements in California to
treat manure at high temperatures before it can be spread on land there is no benefit to Mt
SAC of using this particular system. There may be, however, some benefit to setting up
SOME sort of anaerobic digester on the farm.

Field Trips/Visits

Scottish Museum (Edinburgh)—EXxhibits of Science and Technology. Nice bits on clock
design and steam engines.

Fibrowatt (Eye)—15 Megawatt power station that generates energy from the combustion
of “chicken litter” (manure and feather-laden straw from chicken bedding). We toured
the facilities and the control room. Highlights were seeing the management of the
furnace, since we had just discussed furnace designs in class and how one manipulate the
operation to a furnace to meet air quality regulations.

Wind Generator (Swaffam)—Ecotricity has a visitors’ center which includes a 1.3
Megawatt wind turbine with a viewing platform located just below the generator nacelle,
reached by climbing several flights of stairs located within the tower of the wind turbine.
Very cool to see the surrounding countryside, watch these huge turbine blades (each 33
meters long) swing past, and to monitor electricity generation as it varies with the wind
speed.

Royal Institution (London)—This is where Michael Faraday first attended public lectures
given by Sir Humphrey Davy on electricity and magnetism. I toured the Faraday lab, and
got to see the original coils and apparatus that Faraday built while doing his research, as
well as to discover that he was involved in a lot more basic science (designing new
varieties of glass, diamagnetic properties of gases) than just electricity. I later attended a
public lecture in the same theatre that Faraday sat in over a century and a half ago.

Energy Expo (London)—Spoke with representatives of various manufactures of
photovoltaic and solar thermal energy systems, saw examples of various
microhydropower turbines, and people using ultrasound to speed up anaerobic digestion
of municipal wastes

Greenfinch (Shropshire)—A small company that sells anaerobic digesters, that was
running an experiment in digesting kitchen waste from a local community of about 170
households. It was a nice example of a continuously-fed mesophilic (medium
temperature) digester. Toured the facilities and discussed the operation and monitoring of
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the digester, including the kinds of lab tests one does to analyze the feed and the “health”
of the digester.

Dinorwig pumped storage plant (Llanberis, Wales). In the 1980’s the British government
converted an old slate mine site into a pumped storage site. They built a lake at the top of
a mountain, dug out tunnels 3/4 mile into the mountain, and connect the set-up to a lake
at the bottom of the mountain 400 meters below. During the day, when power is
expensive, they run the water from the upper lake through some Francis turbines into the
lower lake—300 m’ or so per second, capable of generating 1800 Megawatts for 4 to 5
hours. At night when the grid has excess capacity and electricity is cheap they buy
electricity to run the turbine backwards as pumps and pump the water back to the upper
lake for the next day. The size of the system is amazing, and the fact that they can bring
the whole system on line in about 12 seconds. It is all controlled by central grid control
in Wokingham (a town just outside of Reading). It allows the grid to deal with sudden
increases in consumption (such as what occurs during halftime during a soccer match
when the whole country goes and plugs in their electric kettles for tea all at the same
time). Awesome.

Cemmaes Il wind farm (Wales)—A commercial venture of about 14 wind turbines.
Awesome machines. Some discussion of the layout of the wind farm, the politics
involved, the economics of operating a wind farm, and the conflict with some of the
locals (in that they have to see the turbines but get no financial benefit from them.)

Centre for Alternative Technology (Near Machynlleth)—Originally set up to highlight
various alternative technologies. Has evolved into a Renewable Energy Disneyland.
Some nice displays, but the whole place has recently gotten a connection to the grid and
so although they say they are getting energy from renewable sources they really are not.

Dulas Engineering (Machynlleth)—A small renewable energy consultancy in Northern
Wales. Tour of their facilities, overview of some of their projects, and a visit to a micro-
hydropower site in process of being installed, including some discussion of the
engineering and economics of the system.

Ffestiniog pumped storage site (Ffestiniog)—Baby brother to Dinorwig, capable of
producing about 300 MW for a few hours.

Moel Moelogan wind farm (Wales)—Set up as a co-op by three Welsh sheep farmers
who had endured huge travails and expense to set up a wind farm of three 1.3 Megawatt
machines. Each was about 75 meters in diameter with a hub height of 75 meters.
Beautiful machines. They were passionate about the ability of wind farms to transform
the economy of Wales and to guarantee a livelihood for their children. They hope to set
up a second phase of the wind farm in which the local community has a 50% stake. Their
ultimate success depends on perseverance, government grants and support, an
understanding banker, and steady winds. They have since won an award from the
Ashden Trust (a big deal) for their work.
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National Railway Museum (York)—History of the development of the railways in
Britain. It had a fascinating cut-away of a full-sized steam engine with the driving
wheels and valves being run by an electric motor so that you could see the whole thing as
an operating machine. Also an excellent talk by a steam engineer explaining all of the
various bits of its operation.

Solar Century Ltd., (Waterloo, London) and BedZED Centre (Wallington,
Surrey)—Solar Century is a consultancy focusing on the integration of PV into buildings.
We had a presentation on their work, a tour of a demonstration roof array, and some time
for questions. BedZED is a housing development built with recycled or locally-sourced
materials. It is designed in an integrated fashion to minimize energy consumption. A
wood-fired combined heat and power (CHP) plant provides most of the heat and
electricity to the site, with additional electricity provided by a set of photovoltaic arrays.

REFLECTIONS ON THE ENGLISH EDUCATION SYSTEM

Students take a variety of courses until they reach the end of the equivalent of 11™ grade,
after which they take a set of exams called the GCSE’s. If they choose to continue their
education they specialize in three (or more) subjects for a year or two, after which they
take their “A” levels (equivalent to the last year of high school and the first year of
college). Then they do a three-year degree in a particular discipline, and take all of their
courses within that discipline. For example, an Engineering student would take all of his
math and physics from an Engineering instructor in the Engineering department, and
would not take any courses except those related to engineering. So, once a student passes
the age of about 16 he never takes anything that we would consider “breadth
requirements” or “general education”, nor would he experience any field from a point of
view other than that of his own discipline. Contrast this with the situation here, where
budding young engineers experience Chemistry as seen by chemists, Physics as seen by
physicists, Mathematics as seen by mathematicians, and a whole raft of other subjects as
seen by specialists in that particular discipline.

A second difference is the grading scale. 70% is considered an A, 60% a B, 50%
a C, 40% a D, and less than 40%, a Fail. Outside of a technical field, it is virtually
impossible to get above 80% on anything. 90% is what the instructor would give himself
if he wrote a fantastic paper. Only God can get 100%. Whatever mark you do get on the
paper is it. It is virtually unheard of for a student to question the marks he has received,
and instructors are not expected to be able to justify why one paper is a 68% and another
is only a 65%

A third difference is in the teaching strategy. In general, courses don’t have a
textbook. Although there may be a suggested reading list for a course, the students fully
expect that the instructor will provide in lecture all of the material that is necessary for
the students to know. This expectation is borne out in the final exams, which draw
almost exclusively from information presented in lecture. Most instructors hand out
detailed lecture notes for a course, upon which students might write comments or
annotations. Instructors do not give quizzes, since virtually all of the formal assessment
for the course is either based on a few papers or lab projects, or a final exam which one
sits for in April or May even though the course may have finished in December.
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Instructors may hand out various practice problems to do, but outside of assigned course
papers there is no weekly homework set which is collected and marked. Lecturers cannot
assume that students have done preparation before class, and don’t have any way to
“force” students to prepare.

Exams are taken at the end of the Spring (“Lent”) term. They are generally
similar to the exams given in previous years, all of which are provided by the department
and are available from the University Web site. Combined with the grading scheme, this
means that students are not held responsible for having mastered the material on an
ongoing basis. It is possible for a student to do virtually no work between October and
March and then cram for exams in April. Since a passing mark is 40% and the exams are
very close to what was done in the past, this encourages students to do very little until a
few weeks before exams, and then do the problems from the past exams over and over
again until the answers are memorized.

The one exception to this approach that I saw was in a “Foundation” course in the
Physics department, designed for students who did not do A levels in Physics (or who
attempted the exam but did not pass) and who have decided that they want to do Physics
anyway. The students had weekly quizzes and laboratories based on a set of packets that
they were to work through, sort of at their own pace. During the Fall term I worked one
hour a week in the program at a general study session where the students would come and
work through questions they had from the packets or from their lab write-ups. Although
the program was considered “innovative” by British standards and attempted to cover a
lot of basic material, the execution was not very good. The packets were difficult to read
and the explanations contained within were rather convoluted.

One “lesson” from all of this experience is that, in general, students will do just
what they perceive is necessary to pass their courses, but not much more. Students much
more familiar with the British system than I ignored all of the books and articles from the
supplementary reading list unless they related directly to an assignment (a paper or lab
write-up). Instructors say that all of this reading is important but don’t follow up their
words with any actions that would actually convince the students that the reading is
important (such as testing on it). This is not anything new to me, but it is different to
experience it from the student side of things. I found myself wondering why I was doing
supplementary reading and searching out extra resources when the instructor wasn’t
going to test on it. It takes singular determination and interest to read extra material just
because in enhances one’s understanding, but it is unrealistic to expect students to do
“extra” work just because the instructor suggests that they should.

Another lesson had to do with posing assignments. One instructor tried to make
the assignments ‘realistic” by tying them to a “real situation”—writing a informational
briefing for a politician who was going to be making a speech on global energy usage, or
designing a solar roof for an aviary at a local wildlife park. I became quite frustrated
when I could not find out what the audience for the speech was going to be, or what the
wildlife park’s purpose was in installing the roof. Ultimately what was really wanted was
answers to some questions about energy, and energy calculations for a roof, and it would
have been better if that was made clear from the beginning.
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EVALUATION—DID [ ACCOMPLISH MY GOALS?

With rare exception most of what I studied in my Engineering coursework was a rather
straightforward extension of the material we cover at Mt. SAC in the Physics 4 and
Chemistry 1 sequence—basic mechanics (in the case of wind and hydro systems), basic
electricity and magnetism (power generation technology), basic combustion and
thermodynamics (engines and fermentation), basic heat flow (engines, solar thermal
collectors, meteorology), and some basic solid state physics (photovoltaics). The
pleasures were in seeing familiar ideas applied in new fields. Some of the lab projects I
have done could be modified so that our students could do them.

One of the goals of my sabbatical leave was to become a resource of information
about Renewable Energy for the Mt. SAC community. I think I’ve gained enough
experience with the hardware and a lot of the engineering and policy questions one faces
when dealing with renewable energy sources that I could be useful to Mt. SAC in that
regard.

Another goal was to develop projects and activities related to renewable energy
that our students could do. It turns out that much of the nuts and bolts of my research
project is within the capacity of our students to carry out. Charlie Newman in Chemistry
has said that the kinds of tests one carries out to monitor the progress of a anaerobic
digester—Chemical Oxygen Demand (COD), Biochemical Oxygen Demand (BOD),
Volatile Fatty Acids (VFA) and some others—are exactly the kinds of tests that students
in the new Chemistry Technician program should be able to carry out. Elizabeth Meyer
(in Biology) has indicated that she would be interested in mentoring students in research
into anaerobic digestion. Larry Redinger has indicated that the farm might benefit from a
manure treatment system, and that the state Agricultural District office (now located at
Mt. SAC) might be interested in sponsoring the set-up of such a system. I see great
potential for useful interdisciplinary research that our students could do.

I’ve discussed with Craig Webb (in Earth Sciences) the idea of setting up a
campus wind survey. It’s the kind of thing that GIS students could process the data from.
In my ideal world it could lead to a wind turbine being set up on campus. I've also
discussed with him the possibility of adding a solarimeter to the campus Weather Station
so that we could collect local data on solar irradiation and possibly do research projects
with students interested in photovoltaics. It would also give us reasonable data on how
economic it would be to heat the Mt. SAC swimming pool using solar thermal collectors.

On a more basic scale it would be instructive to build a small anaerobic digester
out of oil drums, fill it with manure at the beginning of the term, let it sit for two months,
and then boil water for tea for my students from the gas produced. It’s something that
might make real for my Physical Science students the chemical processes that we discuss
in class, and that elementary school students would think is fascinating.

I have communicated earlier to the Sabbatical and Leaves committee that
although I had hoped to have curriculum and activities “ready-to-go” at the start of this
school year, I was not going to be able to do this. Some of this is related to resource
issues (access to materials, tools, and colleagues), but most of it is simply due to lack of
time. The lab part of my research ran into the middle of July, after which I came back to
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California with only a few weeks to move back into my house and get materials ready for
the Fall. It is my plan to work on these projects over the course of this academic year.

My final goal was to establish a connection between Mt. SAC and the Center for
Regenerative Studies at Cal Poly Pomona, where they teach a number of courses related
to renewable energy. I have emailed with people at Cal Poly Pomona regarding their new
Masters degree program in Regenerative Studies (their term for Renewable Energy). The
program starts in Fall 2004, and I'm hoping to be involved in some of the planning and
teaching of it. Ultimately I’d like to strengthen the connections between Mt. SAC and
the Center for Regenerative Studies.

CONCLUSIONS

In my initial sabbatical proposal I stated that:

The studies I am proposing are about applying the basic ideas that I teach, and how
engineers deal with the realities and limitations of real materials. . ..My courses could be
richer and more applicable if they included examples from the alternative and renewable
energy field. Examples could include engineering cost/benefit analyses; practical
applications of thermal transfer and conductivity; control circuits; fluid flow in propeller
design; momentum and energy considerations in turbine design; thermodynamic analyses
of real engines and cooling systems; and how real generators and alternators are wired,
controlled and integrated into the larger electrical grid system.

I would be able to serve the Mt. SAC community as an “in house” source of expertise in
the field and to gain new, tangible information that I could use in my classes and share
with others.

On a more personal level renewable energy has been one of my long-term passions.
Beyond that, it will do me good to experience different models of teaching and learning
and to be intimately reminded of what it is to be a student. It would give me a fresh
perspective on the classroom environment and the conditions amenable to good learning.

Looking back on my sabbatical experience I can safely say that I’ve accomplished most
of what I set out to do. I’ve studied the material I set out to. I had it confirmed that most
of renewable energy technology is a rather straightforward application of the Physics and
Chemistry we teach at Mt. SAC. I’ve gained experience with some of the hardware and a
lot of the engineering and policy questions one faces when dealing with renewable
energy sources. I feel like I’ve learned much that could be useful to the Mt. SAC
community. I have come across many ideas and projects that I might integrate into my
teaching at Mt. SAC.

As far as being able to draw conclusions goes there are two parts to my
experience—the “education” side and the “renewable energy “ side. On the education
front I’ ve experienced education from the other side of the desk. I've found the
experience both exhilarating and sobering—exhilarating in that I was able to throw
myself wholesale into my studies, and that I only had to worry about my own learning

21



and not that of 200 other people. I had no committee meetings to attend, no college
politics to be embroiled in, no lessons to plan, and no papers to grade. I could throw
myself passionately into my work and still get enough sleep! The experience was
sobering in that I realized (again) how much of the learning experience has to come from
the student, and how for the most part students are not attending classes for the simple
love of the subject.

I found that although lectures could be informative, I learned the most when I was
working on a well-designed assignment or a well-designed lab that required me to
critically analyze a problem. I found that having some bright colleagues made the course
a lot more enjoyable. I found group projects (in which my grade depends upon someone
else’s performance) infuriating. I found that I learned the most from a straightforward,
well-presented lecture, but that the lectures that I enjoyed most were the one’s where I
was forced to think for myself.

One thing that struck me was how much prior knowledge played a role in a
student’s success in the program. The three “top’ students were myself (with close to 20
years experience teaching in the sciences) and two other students in their 30’s who
graduated from Cambridge with Honors Degrees and had been working engineers for 10-
15 years. Other students without such a strong background struggled with the basic
material, and had a very different course experience that we had. It is sobering to think
that the best determinant of a student’s success in my classes may be what he knew
before he came in.

One surprise was in how much the field of renewable energy is as much about
economics and social issues as it is about engineering and technology. Although the
technology of renewable energy is fairly well established, most of the issues are about
return on investment and whether people want to look at wind farms rather than “will the
technology work?” Whereas in the States it is no big deal to take ten square miles of
desert out in the middle of nowhere and set up a wind farm, there is no desert, and no
“out in the middle of nowhere” in England. People are very attached to the landscape
and there is nowhere that you can place a wind farm without it interrupting somebody’s
view of the landscape. Another issue has to do with deregulation of the electricity
markets. With a lot of excess generating capacity available at the national level, it is
difficult to make an economic argument for installing more electricity generation
capacity when there are “perfectly functional” coal-burning plants around whose
operators want to make a return on their initial capital investment. Many of the
renewable energy plants that have come on line have done so with the encouragement of
government subsidies, without which the projects would be uncompetitive.

One reason for the difficulties that renewable energy faces is that consumers do
not directly pay the “true” cost of energy usage. Taxpayers pay for the effects of polluted
air and congested highways, but not at the pump. The cost of maintaining a military
presence sufficient to ensure the flow of oil does not show up in the price of gasoline.
The cost of building a national nuclear wasted disposal site does not show up on our
electric bills.

Another difficulty is that most renewable energy sources are intermittent—that is,
they are not necessarily available when you need them. You can’t turn up the wind
because you have a particularly high demand. Renewable intermittent sources need some
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kind of back-up or storage that can be called upon when the wind isn’t blowing or the sun
isn’t shining. The most “renewable” backup energy source presently available is a
“pumped storage” system, where water is pumped up to a high reservoir when energy is
cheap and plentiful, and then run through a turbine to a reservoir at a lower level during
periods of high demand (I visited two such facilities in Wales).

Our present energy supply is cheap, available, and easy. Increases in demand can
be met almost immediately (by firing up more gas-turbines, for example). Renewable
energy sources in general do not have the kid of cheap storage that one gets with fossil
fuels in the fuels themselves. With such a well-established infrastructure and distribution
network it is extremely difficult to wean people away from fossil fuels to a renewable-
based system. Although wind farms are presently competitive with fossil-fuel and nuclear
based generation on a cost-per-Kilowatt-hour basis, most other forms will become
widespread only when government takes clear and decisive steps in that direction, or
fossil fuels become so scarce that there are no other alternatives left to us.

The whole experience of my sabbatical is still relatively new and fresh. Although
the immediate conclusions are evident, I suspect that there are deeper and subtler lessons
that will emerge with time. I have come away with a much better understanding of
renewable energy and how it fits into the total energy generation scheme; with many
ideas about incorporating this understanding into my courses; and a better feel for what
education looks like from the student side of the desk. It is my hope that all of this will
conspire to deepen my understanding of energy and students and to enrich my teaching
and their learning.
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ASSIGNMENTS
CEMRE1: Briefing for a politician on global energy use
Background

For this assignment, regard yourself as a researcher for a politician who has to make a
speech about global energy use. Your task is to provide clear, brief, factual information on a
number of points, but not to write the speech!

Specifications and assessment

Make short written responses to the following points, each backed up with a graph or table.
The responses should explain how you use data and the conclusions which you draw from it.
At the end of each response you may want to add a few relevant (and referenced)
comments which you think would be useful in developing the speech.

We suggest that you use the BP Statistical Review of World Energy 2002 (downloadable
from www.bp.com) as the main data source, but check other sources as well.

1. "“There has been a continuous, gradual increase in the use of commercial energy in all
regions of the world over the past 10 years.”

2. "Oilis the major source of energy in nearly all regions and countries.”

3. “There should be no concern about the future supplies of fossil fuels because proved
reserves and reserves/production ratios are higher than they were 10 years ago.”

4. "Coal is @ cheaper energy source than natural gas, both for direct use and for
electricity generation. Coal would be cheaper even with a carbon tax of US$5 per
tonne of CO,."

5. "Current trends suggest that coal will remain cheaper than natural gas for the next ten
years"

The report should have:
» An Abstract at the beginning which summarises the main points from each section
(maximum 200 words) :
« Responses to each of the points above (maximum 2 sides of A4 per response,
including tables or graphs) -
+ References (see below on reference lists and use of references in the text)

The report will be assessed for how you use the data to make your responses, with
emphasis on a clear, brief, informative presentation.
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Hey Boss:

Here are the background briefing notes you asked me to prepare for your upcoming Energy

speech.

In terms of GLOBAL supply of oil and natural gas, the discovery of new economically
exploitable reserves is outpacing global production, so it appears that the world is not in any
immediate danger of running out of these two fuels. Unfortunately, over 2/3 of the world’s
supply of these two fuels lies in the Middle East and the former Soviet Union, and at the national
level we are becoming increasingly dependent on imported oil and gas to maintain our national
economy. This need to ensure steady imports of energy resources will undoubtably force us to
make difficult national policy decisions that may run counter to our stated national mission of
encouraging democracy in other nations. Coal (which we and much of the rest of the world have
in abundance) will continue to make a large contribution to base national electricity generation.
Because coal plants are not running anywhere near full capacity on average, much of the
increases in base electrical generation could be borne by existing coal plants, but economics

favors meeting peak electrical demands by use of high efficiency natural gas turbines.

Good luck on the speech!

--Phil



“There has been a continuous, gradual increase in use of commercial energy in all
regions of the world over the past ten years”

The graph below shows commercial energy consumption by region from 1991 to 2001.

Consumption of Commercial Energy by Region, 1991-2001 (BP 2002)
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Energy consumption has grown for all regions EXCEPT the former Soviet Union since 1991.

The chart below shows the year-to-year changes in each region relative to what it consumed the
previous year.

Percent change in energy consumption for different regions of the world
compared to the PREVIOUS year
1991-2001 (8P 2002)
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If we look at year to year percentage changes in energy it is evident that the overall worldwide
increase masks regional and year-to-year volatility in energy consumption. For example, in 1998
and 1999 consumption in the Asian Pacific region dropped, which correlates well with the Asian
Pacific financial crisis of the period. For North America consumption in 2001 was actually
LOWER than that of 2000, correlating with a slowing economy and the immediate aftereffects of
the September 11 bombing of the World Trade Center.

As an aside, consumption in Africa increased by 33% while that in North America increased by
around 15%. In absolute terms a 10% decrease in energy consumption in North America (say by
increasing energy efficiency) would consumption-wise balance out a doubling in the commercial
energy use in Africa. If one is concerned about CO, emissions from the developing world, a
relatively small reduction in CO, output in North America (primarily by the US) could more than
make up for relatively large increases in CO, output in Africa.

Oil is the major source of energy in nearly all regions and countries.

Below is a chart showing what percentage of the COMMERCIAL energy used in a region comes
from what sources.

Contribution of Each Fuel to Commercial Energy
Production by Region (Mtoe),2001 (BP 2002)

]B Oil @ Natt:ral éa?ﬂ Coal O Nuclea;En;rgy ] Hydro-ele;t'rri;:ifr |

100%

80% -

60% -

40% -

20% -

0% -
North America  S. and Central Europe Former Soviet  Middle East Africa Asian Pacific
America Union

A more accurate statement would be that oil is @ major source of commercial energy in all
regions in the world, but with the exception of the Middle East (where it provides 52% of the
commercial energy consumed), in no region does oil provide the majority of energy used. In
fact, in both the former Soviet Union and in the Asian Pacific regions coal accounts for a larger
share of the total commercial energy produced than does oil.
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What the above chart totally ignores is that in many developing countries biomass (wood,
agricultural waste, etc.) provides a large portion of total energy use. This is shown on the cart

below (data from UNCTAD, 2002).

Percent of Total Energy consumption coming from
Fuelwood, Charcoal, and Bagasse In 1998 (UNCTAD, 2002)
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Where people have no connection to an electrical grid and no automobiles their primary uses of
energy (mainly for cooking and heating) are in forms that are not traded on international markets
and will NOT show up on any worldwide commercial energy statistics.



There should be no concern about the future supplies of fossil fuels because proved
reserves and reserves/production ratios are higher than they were 10 years ago.

The graph below shows the changes in world reserves and production of oil since 1991 (BP, 1992-
2002).

Change in World oil reserves and production (Billions of tonnes of oil)
relative to 1991 amount (BP 1992-2002)
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This next graph shows the change in world natural gas reserves and production compared
to 1991 amounts (BP 1992-2002).

Change in World natural gas reserves and production (Billions of cubic
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The next graph shows the world reserves-to-production ratios for oil and gas for the period 1991-
2001 (BP 1992-2002)

World R/P ratios for Oil and Gas
(BP 1992-2002)
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The definition of proved reserves is generally taken to be “those quantities that geological and
engineering information indicates with reasonable certainty can be recovered in the future from
known reservoir under existing economic and operating conditions”. (BP 2001) World proved
reserves of oil have climbed by an average of 760 million tonnes of oil per year (an average
increase of about 0,5% per year) while world production of oil has increased by an average of
approximately 40 million tonnes per year (an average increase of approximately 1.1% per year).
The fact that world reserves have increased in absolute terms DESPITE increases in oil
extraction indicates that at present we are discovering more new economically exploitable oil
resources in absolute terms each year than we are taking out of the ground. Since production is
climbing at a greater rate percentage-wise than are the reserves, it makes sense that the reserves-
to-production ratio has decreased.

The situation is similar for natural gas. In absolute terms reserves are growing faster than
production is growing. Percentage-wise natural gas reserves have increased by 17% in the past
ten years, production has increased by 21%, and the R-P ratio has stayed essentially unchanged.

In 1966 the R/P ratio for oil was 31 (BP 1993), meaning that at that time, known reserves
were sufficient to support comtemporary production until 1997. People could misuse the R/P
ratio and state that “the world is going to run out of oil by 1997”. The R/P ratio is more
complicated than that. Such a simplistic view sees the reserves and production as fixed
quantities. As is the case with oil, reserves have grown in an absolute sense faster than
production, but production has grown in a relative sense faster than reserves, so we have more oil
reserves than we had 35 years ago yet the R/P ratio has gone down. If prices of oil and gas rise
or the technology of extracting oil and gas improves, resources which are not presently
exploitable economically move into the “profitable to extract” zone, and reserves increase again
even though no new oil has been discovered. If production decreases R/P ratios increase even if
people have less oil to burn and are paying more for it.

The charts on the next page show the percentage of worldwide proved fossil fuel reserves per
region and worldwide fossil fuel consumption per region (data from BP 2002).



Proved Oil Reserves in 2001 as a percentage
of the world total by region (BP 2002)

QOil Consumption in 2001 as a percentage
of the world total by region 8p 2002)

O Former Soviet

Acian Paciflc  North America Union
Africa 4% 6% 5% i
. 0 Europe ° m Middle East
S, Central America -
- _Fr:ﬁ. 9% 22% 6%
'32'!!;-', 4_\" '“ B Africa
Al farope a%

L3

2%

Fotmer Soviet

Union
%
m S, Central
America
6%
Middle East
66% H Asian Pacific

28%

30%

Proved Natural Gas Reserves in 2001 as a percentage

of the world total by region  (BP 2002)

Norih America

Natural Gas Consumption in 2001 as a percentage
of the world total by region (8P 2002)

Asian Pacific 5% S, Central America Asian Pacific
8% 5%
‘ 13%
Africa
Europe
7% 3% Africa
s North America

Middle East
36%

30%

Middle East
8%

Former Soviet Union
36% S, Central America

4%
Former Soviet Union

23%

Europe
20%

Proved Coal Reserves in 2001 as a percentage
of world total by region (BP 2002)

Asian Pacific
30%

Former Soviet Union
23%

North America

Coal Consumption in 2001 as a percentage
of the world total by region (BP 2002)

North America

26% 26%

Asian Pacific
46%

S, Central America
2%

: S, Central America
1%

Europe

13% Europe

15%

Grmer Soviet
Union
8%

Africa
4%

Middle East



There are some very interesting patterns in these pie charts:

= QOIL: the Middle East has almost two-thirds of the world oil reserves. Europe, North America
and the Asian Pacific region together have 12% or the world oil reserves, but consume 70%
of the world’s oil.

= NATURAL GAS: The Middle East and the former Soviet Union control almost three-fourths
of the world’s natural gas reserves, Europe, North America, and the Asian Pacific region
together control 16% of the world’s natural gas reserves but account for 63% of the world’s
natural gas consumption.

* COAL: This is the ONE fossil fuel that Europe and North America consume more or less is
proportion to their reserves. It is also the one fossil fuel for which each of these regions has
over al50-year supply at present rates of fuel production (BP 2002).

If one looks at the global picture and assumes that oil-and-gas producing countries’ and oil-and-
gas consuming countries’ interests will always coincide and that the two groups will always get
along in harmony, there is no cause for concern about the huge disparities in terms of who has
the oil and gas resources and who is consuming them.

If however you do not believe that the two groups’ interests will always be aligned, the picture
looks rather grim. Consider the situation for the United States (see chart below. Data from BP

1992-2002)
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US oil production has dropped by 17% in the last ten years. Its oil consumption has increased by
17% in the same period, and its oil reserves have decreased by 14%. It has gone from importing
44.8% of its oil in 1991 to 60.7% of its oil in 2001.



Since US oil production has percentage-wise dropped faster than its reserves, the US reserves-to-
production ratio has actually INCREASED!

There are two big lessons to take from this:

* Again, an increasing R/P ratio is not necessarily good, and a decreasing R/P ratio is not
necessarily bad. By itself the R/P ratio doesn’t tell you much.

= Secondly, just because the world as a whole does not look like it will run out of oil or gas in
the near future does NOT mean that the individual countries of the world can sit tidy and not
worry about it.

The Middle East presently controls 65.3% of the world’s oil reserves (BP 2002) and together
with the former Soviet Union controls 72.3% of the world’s proved gas reserves (BP 2002).
Future gas or oil finds in, say, China may do great things for the world supply, but do nothing for
the US energy security. To the extent that we maintain our dependence on nations whose
political agenda does not always run in parallel with our own, we decrease our ability to make
political decisions more in line with our political ideals and less influenced by the political
realities of energy.

Coal is a cheaper energy source than natural gas, both for direct use and for
electricity generation. Coal would be cheaper even with a carbon tax of

US$5/tonne.
Current trends suggest that coal will remain cheaper than natural gas for

the next ten years.

For 2001 we have the following data*:

US Market Fuel Fuel cost Fuel cost per | Grams CO,
cost* per kWh,. .S produced per
KWhpe g KWhepeoiciry

Coal $27.68/tonne” 0.402¢ 1.20¢ 1040

Coal with $5/tonne | $32.68/tonne 0.47¢ 1.42¢ 1040

tax

Natural Gas $4.07/million Btu 1.39¢ 2.39¢ 393

*The detailed calculations are carried out in the Appendix

*(BP 2002 for US market)

*Mix of 53.6% anthracite and bituminous coal, and 46.4% sub-bituminous coal and lignite (US production mix,
2001—BP 2002)
Y Assumes a 33.3% efficiency for the coal plant and 58% efficiency for the gas plant

Coal is a cheaper energy source than natural gas if the only factor one is considering is fuel costs.
For the operation of EXISTING electricity or heating plants, coal is less expensive. A study at
the Kennedy school of government at Harvard University (Harvard, 2000) looks at the actual
costs of running coal and gas power plants. It says:

“In 1996 the incremental cost of generating power from coal-fired plants . . .

averaged around 1.6 cents per kWh, while the cost of building a new gas facility

was approximately 3.1 cents. Given such a wide price differential, it is not

surprising that consumers and producers alike are not anxious to switch to gas.”
Installing new pollution control systems could raise the price of coal generated power to
about 2.6¢/kWh (Harvard, 2000) but this would still make coal the cheaper fuel.



Almost 90% of the coal fired plants in the Midwest of the United States are over 25 years
old (Harvard, 2000). Their initial capital costs have probably already been recovered by
the utilities that own them. Thus, economics favors using existing coal plants over
replacing them with new gas-fired plants.

The situation can look much different, however, if one is comparing the cost of installing NEW
coal-fired generators with the cost of NEW gas-fired turbines in response to a steady increase in
electrical demand. Due to economies of scale a typical coal fired plant has to produce about 1000
MW, while a typical gas turbine might producel00 MW. If you are anticipating a growth in
electricity demand of 200 MW per year, that would mean either building one 1000 MW coal
fired plant every five years or one 100 MW gas-fired plant every six months. When you build
the coal plant you have very high initial capital costs (upon which you are paying interest) even
though you are not earning money for selling 1000MW of electricity (since it will be five years
until you are actually operating at full capacity). If instead you build a smaller gas-fired plant the
initial capital costs are lower (even if the initial cost per installed kWh were higher) AND you
are selling the full output of the gas plant right away. On top of that, there is a learning curve
that tends to lower the cost for each subsequent gas-fired plant installation (ideas for this
paragraph derived from MIT, 2001).

Beyond considering the costs of NEW plants, the present coal-fired plants do not operate
at full capacity. In 1996 the coal plants in the Midwest were only operating at an average of
48.2% of capacity.

“If further increases in demand were consistent throughout the day, most parts of

the Midwest would not have to build new capacity for quite some time. They

could simply increase the use of their existing coal fleet. However, increases in

demands during peak load periods should increase the demand for peaking

plants.” (Harvard, 2000).

In other words, it doesn’t make sense to build more large coal plants when they would require a
huge initial capital investment and sit idle most of the time.

Finally, natural gas fired turbines can be set up in a relatively small area in a matter of a
few months; the energy contents of the fuel is consistent (unlike the variations you
experience with coal); and the pollution control equipment you need to manage natural
gas plant emissions relative to coal plant emissions is miniscule (Vahdati, 2002).

Concerning a “carbon tax” the Harvard study
“attempts to determine the percentage of existing coal capacity that will become
less competitive than new gas-fired capacity at different carbon costs. It looks at
several scenarios and projects that more than 60 percent of the region's coal
capacity will be uneconomic compared to gas at a carbon penalty between $22 per
ton and $142 per ton.” (Harvard, 2000)

Certainly a carbon tax of $5 per ton will have very little effect on the economics of
existing coal vs. new gas electricity generation capacity.
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The lesson here seems to be:

» Coal-fired plants that are already built can be run cheaply, be made to run cleanly and
still be economically competitive with natural gas.

= At present economies of scale it is cheaper to meet incrementally increasing energy
requirements or peak energy demands by building smaller natural gas-fired plants as
needed rather than building large coal-fired plants.

= If smaller coal-fired plants could be economically constructed at the same size and
cost as present gas-fired turbines, and run economically as “peaking plants” in the
same way that natural gas can be now, coal could be economically competitive with
natural gas. The U.S. Department of Energy is presently running studies on the
feasibility of building high efficiency (up to 60%) coal-fired gas turbines that work on
the same principles as present gas turbines. (NETL, 2001)

Below is the cost of coal and natural gas for the US in US$ per generated kWh:

U.S. Fuel Cost for Coal and Natural Gas Produced
Electricity (US$/kWh) (BP 2001)
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It is rather clear that the trend for the US has been for coal prices to decrease, and for natural gas
prices to increase. This trend will probably continue, at least for the US, in the US is a net coal
exporter and has hundreds of years of coal reserves at present production levels (BP 2001) so
coal will not be a “scarce” resource for the US. Since the US is a net importer of natural gas, as
demand for natural gas increases worldwide prices for natural gas should be expected to continue
rising.

You may want to make a distinction between “cost” and “price”. The market cost of coal does
not include cost of ameliorating the devastation wrought by strip mining or the effects of ash and
radioactive materials released from even the cleanest coal-fired plants. Nor does it include the
effects of the much larger amounts of CO, released by coal burning plants per kWh as compared
to natural gas burning plants (Calculations for Coal vs. Natural Gas Cost, appendix). The real
price of using coal is undoubtably higher than its market price.



APPENDIX--Calculations for Coal vs. Natural Gas Cost:

Assume:

= Coal burning ratio (Anthracite and bitumen)/(sub-bituminous coal + lignite) in US is the

same as its production ratio

Anthracite and bituminous coals gives approx. 13000 Btu/lb (Schobert 1987)

Sub-bituminous and lignite coals give approx. 8000 Btu/Ib (Schobert 1987)

U.S. Anthracite and bituminous coal production in 2001 was 134 billion tonnes (BP 2002)

U.S. Sub-bituminous and lignite coal production in 2001 was 116 billion tonnes (BP 2002)

Average thermal energy output per tonne of coal is a weighted average of the two values:

[(134 x 13000) + (116 x 8000)]/(134 + 116) = 10680 Btu/lb

kWh,, per tonne of coal = (10680 Btu/lb) x (2200 Ib/kWh) x (1 kWh/3412 Btu)

= 6886 kWh,, /tonne coal

2001 US cost for coal = $27.68/tonne x 1 tonne/6886 kWh, = 0.402¢/ kWhy,.

Fuel cost of coal generated electricity at 33.3% electrical efficiency (Schobert 1987)=

(0.402¢/ kWh,,.)/0.333 = 1.20¢/ kWh,.

= A $5/tonne tax on coal would raise its cost by (5/27.68) x 100 = 18.1% so coal generated
electricity would still cost only 1.18 x (1.20¢/ kWh,) = 1.42¢/ kWh,.

= A 600 MW coal fired power plant running at 41% efficiency would produce 4.44 million
tonnes of CO, equivalent green house gases (GHG) per year (NREL, 2001). For a plant
running at 33.3% efficiency, this would be the GHG output for a 600 MW x (33.3/41) = 487
MW power plant. To calculate the CO, equivalent output per kWh, we’d do (4.44 x 10°
tonnes CO,/year)/ [(487 x 10° kW) x (365.25 x 24 hours/year)] = 1040 g CO,/kWh,.

= Natural Gas cost in the US for 2001 was $4.07/10° Btu (BP 2001)

= 2001 US cost per kWhy, is ($4.07/10° Btu) x (3412 BtwkWh,,) = 1.389¢/kWh,,

= Fuel cost of Natural gas generated electricity at 58% thermal efficiency (Undrum et al, 2000)
= (1.389¢/kWh,)/0.58 = 2.394¢/kWh,

=  Amount of CO, produced from a 58% efficient natural gas fired electrical generator is 393
grams CO,/kWh,. (Undrum et al, 2000)


https://l.389�/kWht11)/0.58
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CEMRE2: Do we need nuclear power?

Background

"Physics World", the magazine of the Institute of Physics, published an interesting article in
June 2001, on whether or not the world needs nuclear power,
(http://physicsweb.org/article/world/14/6/2/1) The article was written by two people, one for
and one against nuclear power. They started with a statement of "common ground" and
then presented arguments for and against. During the lectures, we will discuss which are
the most critical issues raised in this article.

Specification and assessment

Your task is to make sense of the exchange by:

1s Making clear whether the critical issues are factual (ie. could in principle be verified),
or a matter of personal opinion;

22 Cross-checking the factual issues with reference material and commenting: it is
important that this is done quantitatively wherever possible;

3, Commenting on whether the writer has addressed or avoided the points made by the
other writer;

4, Noting any additional points which you would have made on either side of the
argument —

The report should have:
e An Abstract at the beginning which summarises the main findings (maximum 200
words)
e Sections covering the four tasks above (maximum 8 sides of A4)
¢ Conclusions
« References

You will be assessed on how well you check the issues, on the supporting information which
you find and how you use it.


http://physicsweb.org/article/world/14/6/2/1
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. DEBATE

Do we need nuclear power?

With rising fuel costs, concerns about global warming and the growing demand from the
developing world for energy, the burning question is whether the world needs nuclear power.
Peter Hodgson, a nuclear physicist, says yes. Dennis Anderson, an economist, says that we
should first explore the possibilities of renewables and other forms of energy

Our civilization and our standard of living
depend on an adequate supply of energy.
Without energy, we would not be able to
heat our homes or cook our food. Long-
distance travel and communication would
become impossible, and our factories could
no longer produce the goods that we need.

A century ago the world’s energy came
almost wholly from coal and “traditional”
sources, such as wood, crop residues and
animal dung. These are still major sources
of energy. particularly in developing
countries, where 2 billion people are
without access to, or cannot afford, modern energy forms. Wood and
dung are estimated to provide an amount of energy equivalent to
1 billion tonnes of oil each year; itis sobering to realize that this is
1.6 times more energy than is provided worldwide by nuclear power,
and is about the same as the amount of energy provided by coalin
Europe and the US combined (see table on page 17).

During the 20th century, the world's commercial output and
population increased more rapidly than ever before, as did energy
consumption, which rose more than tenfold, with a major shift
towards oil and gas fuels, and to hydroelectricity and nuclear power.
Most of the growth was in industrial nations, where the per capita
consumption of commercial fuels is about 10 times that in the
developing world.

Energy markets in the industrial countries are maturing, and may
even peak and decline with continued improvements in energy
efficiency. The last two centuries saw energy efficiency increase
enormously - in motive power, electricity generation, lighting, in the
use and conservation of heat, and in an array of other applications,
There is no evidence that further gains will not be achieved in the
future - for example through the use of fuel cells for transport,

Peter Hodgson (left)and Dénnis Anderson (right)

which could lead to a two- or threefold
increase in fuel efficiency relative to that
of the internal combustion engine, and
through distributed sources of combined
heat and power.

The situation is different in developing
countries, where hillions of people have
hardly enough energy to survive, letalone
enough to increase their living standards.
if they are to achieve prosperity, their
energy needs - which are doubling every
15 years - will have to be met. Moreover,
their population will soon be 7-10 times
greater than that of the industrial world, and (with the sad exception of
several African countries) economic growth is much higher thanitis
for industrial nations.

If we assume that, after allowing for gains in energy efficiency, the
developing world eventually uses only half of the energy per capita
consumed by industrial nations today, then the world's energy
consumption will still rise more than threefold. Developing nations
will therefore need about 5x 10° MW of new electricity-generating
capacity in the coming decades, compared with the Lx 10° MW they
have today and the 2 10° MW in the industrial nations. (Electricity
generation accounts for only about onefifth of our final energy
consumption - the rest mainly being for transport and heating.)

Our common ground in debating the question “Do we need
nuclear power?" is therefore the fact that the world is likely to
need yet more energy, despite the immense amount of energy
consumed today. The environmental probiems associated with
energy production and use will also need to be addressed, including
local and regional pollution, and the much-discussed problem of
global warming.

Peter Hodgson and Dennis Anderson

Finding ways of satisfying our energy needs
iy such an urgent problem that we must con-
sicler all possible sources, and evaluate them
as ohjectively as possible, writes Peter Flodgson.
lu doingso, it is useful to apply the following
criteria: capacity. cost, safery; reliability and
environmental effects. No source can satisfy
allour energy needs, and although there are
several small-scale energy sources, such as
solar panels for satellites, we must focus on
the major sources.

Wood was a major energy source in an-
cient times, and is still extensively used in
developing countries. [tis, however, imprac-
tical as a major energy source in developed
countries as it occupivs much land and adds
to armospheric pollution, Oil, meanwhile, is
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fast running out and is needed by the petro-
chemical industry: It is wastetul to burn it,
which also aclds to pollution. The same ap-
plies to natural gas.

Hydropower is an imporwnt source of

encrgy; particularly as it is renewable and
cloes not pollute the atmosphere. However,
ituses up valuable land and, in any case, the
number of suitable rivers is limited. It is
unlikely that hycdropower will provide for
more than about 8% of our energy needs.
Tidal power iy even more limited by geo-
graphical considerations.

The remaining sources — such as wind,
solarand geothermal —account for only a few
per cent of the global energy consumption.
In acdition, some of them are unreliable
(wine and solar) or intermittent (tdal) and
relatively costly: And although the energy in

physicsweb.ory

sunshine. wind, waves and ticles is enough to
satisfy our neecls millions of times over, the
difficulty is in harnessing these sources in a
usable form. Despite continued ellorts, wind
and solar sources contribute less than 0.5% of
our energy production (see table on page 17).
This leaves only coal asa major source of
energy forat least a few centuries. However,
,a typical coal-fired power station emits
some ! | million tonnes of carbon dioxide
each year, as well as | million tonnes of ash,
500000 tonnes of gypsum, 29000 tonnes
of nitrous oxide, 21 000 tonnes of sludge,
16000 tonnes of sulphur dioxide, 1000
tonnes of dust and smalleramounts of other
chemicals, such as calcium, potassium, tita-
nium and arsenic. To produce | gigawatt-
year of elecuricity requires about 3.5 million
tonnes of coal — and this contams over
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S wonnes of uranium. Most ol the by-
products are caught by filters, but a few
thousand tonnes of” ash escape, carrying
with it a corresponding fraction of the
uranium, This accounts for the radioac-
tivity emitted by coal-fired power stations.
All the gaseous waste is poured into the
air we breathe, and damages our health.
To continue to rely on coal could lead to
widespread environmental damage and
unpredictable climate change.

‘Can nuclear provide the energy we
need? v already generates about 20% of
the world’s electricity; including 30% in
Western Europe and 80% in Fra ance. Itis
1c11¢1blc,h1\1nghloh “load! factors” —~typic-
ally more than 90% —with nearly allof the
remaining time spent on planned main-
tenance. Its long-term costs are similar
to those of coal. It has little harmful eftect
on the environment and it is safer than all
other sources, apart {rom natural gas.
Nuclear power ouly difters from other

hergy sources in that it emits nuclear ra-
chiations. The interior of a nuclear reactor
is highly radioactive, and the spent fuel
has to be removed periodically for repro-
cessing. However, the techniques for doing
this are well developed and can be carried
outsafely: The relatively small volumes of
highly raclioactive residues (nuclear waste)
are first stored above ground for several
decades to allow the short-lived isotopes to
decay, the rest being fused into a insoluble
ceramic blocks, encased in stainless-steel
containers and buried far below ground in
a stable geological formation.

Nuclear reactors can also be improved.
While current “thermal reactors” burn
ouly uranium-233, which accounts for just
0.7% of natural uranium, so-called “fast
reactors” can burn the remaining 99.3%
ol the uranium. One reason why fast reac-
tors are not usedl is because they are more
clitficult to build, but they will become more
economic as uranium becomes more ex-
pensive — and could eventually take over
trom thermal reactors.

Before then, other reactor designs may be-
come available. A particularty promising line
of rescarch, which is being pioneered by the
Nobel-prize winning physicist Carlo Rubbia
and others, is into reactors that depend on
spallation neutrons from a proton acceler-
ator. The protons hit a target of a heavy
metal, such as tungsten, producing a shower
of neutrons that go into a sub-critical reactor
assembly. This makes the reactor go critical,
thereby generating power. Such reactors are
easily controlled because the reaction stops
as soon as the accelerator isswitched off, The
neutron fluxes are also so high that the raclio-
active wastes can be burnt inside the reactor.
These are both highly desirable environ-
mental features. “Pebble-bed” reactors ave
another promising clevelopment.

In the longer term, T have high hopes that
fusion energy will ultimately become av ail-
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It could cost the Earth how can we meet ourenergy
needs without damaging the environment?

Energy source 1860 1900 1950 2000

Traditional 270 330 470 ~1000
(wood, dung, etc)

Coal 100 470 1300 2220
Oil 20 470 3400
Natural gas 170 2020
Hydro-electric 10 120 230
Nuclear power 630
Renewable ~200
{other than hydro)

Total 370 B30 2530 ~8700

(In million tonnes of oil (toe) equivalent energy)

Sources, For 1860, 1900 and 1950: Nuclear Energy in
Industry (1957 Crowther); figures converted from coal-
equivalent to oil-equivalent energy by dividing by 1.5.
For 2000: Statistical Review of World Energy (1999 BP
Amoco), trended up to 2000; except traditional energy,
from Rural Energy and Development (1996 World Bank).
For primary energy. BP assumes that one tonne of oil
produces 4000 kWh in @ modern power station.

able, Intensive work ix in progress on several
possible designs for a fusion reactor. These
reactors need deuterium, which is present in
water in the proportion of about one partin
five thousand. The energy available from fu-
ston reactors is therelore practicadly limitless.
It &5 indeed lortunate that. just as other
major energy sowrces are beeoming exhaus-
ted or are recognized as seriously polluting,
anew energy source — nuclear power — has
become availuble to mect our needs.

Lagree with the relevance of Hodlgson's five
criteria: capacity, cost, safety; reliability and
the environment, writes Dennds Anderson. But
I fincl he applies them unevenly toward the

three main energy sources undler discussion
- fossil fuels, renewable energy and nuclear
power —with a skew against both tossil fuels
and renewable energy: Let me take fossi
fuels first, since there 1s 2 moral in this for
both nuclear power and rencwable energy.

The United Nations “Atoms for Peace”
conferences in 1933 and 1937, which set the
stage for the expansion of the nuclear indus-
try, were unambiguous about the need for
nuclmrpm\c The view was that fossil fuels
would last for about 73 years and that, by
the end of the 20th century; we would be
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aucl \\1th nl.l_j()l Luergy crises unless we
had nuclear power. The costs of fossl
(uels would rise exponentially. shile those
ol nuclear power would [all,

fowever the opposite has happened.
Fossil fuels have proven to be abunclant
and less expensive than nuclear power.
Estmates of fossil-fuel reserves are enor-
mous, espectatly of gas. “Commercially
proven” reserves - those that companies
have access to and cleclare in their assets =
are a poor guide to actual reserves, which
include unexplored resources and uncon-
ventonal resources such as tar sands.
shale oils and gas hyvdrates.

Estimates suggest that, at current ex-
traction rates. we have over 200 vears’
supply of oil. 430 for natural gas and
over 1300 for coal. the \\ewhted average
being nearly 700 years (af_‘t Rogner in
further rc.\dmg, Even this is an uncler-
statement, since it excludes natural-gas
hydrates in the permalfrost and under
the ocean floors, and other sources that
together are thought to amount to five

1es these values.

Moreover, the oil, gas and coal indus-
tries have made tremendous advances
in exploration and production, and the
electricity indlustry is steadily improving
the thermal efficiency of fossil-fuel power
stations. Estimates of reserves have in-
creased more than tenfold, and costs
have declined relative to those of nuclear
power. Indeed, if nuclear power were 0
compete commercially with a natural-
gas-fired power station, it would need a
subsicy of more than £1bn per gigawatt,

[t is, of course, easy to speak with the
wisclom of hindsight, and to overlook the
uncertainties and risks that the energy in-
clustry fuced when nuclear-power program-
mwes were being put in place. In the 19505
nuclear power held the promise of unlim-
ited energy in an era when coal mining was
an arduous, dangerous and unhealthy oc-
cupation for millions of workers (as it still
is in China and India), when fuel shortages
were common, and when coal burning in
homes and inclustry was the source of intol-
erable levels of local pollution.

Nevertheless, nuclear power has been un-
able to compete in terms of cost with fossil
fuels, and there is no commercial interest in
it outside state-run electricity sectors. The
subsiclics for nuclear power over the past five
decacles have been colossal — about a hun-
dred times the amount we have spent on de-
veloping renewable energy, for example —
and further immense subsidies will be re-
quired to deal with the legacy of nuclear
wastes and the decommissioning of power
stations. Incleed, following the privatization

f the electricity industry in the late 1980s,
the UK introduced a Non Tossil Fuel Ob-
ligation (N FFO) to support nuclear power;
it chccccl £8bn of subsidies into the inclus-
1y afler it had been sold off; while-another
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25bn is reportecdly needed to deal with the
decommissioning of the Dounreay nuclear
facility: The NFEO, in contrast. injected just
L730m (less than 10% ol the Tunds) int
renewable energy,

[t is wue that nuclear power makes a
sizeable contribution to energy supplies in
France and the UK, and thatglobal produc-
tion grew from near zero to the equivalent
of 630 million tonnes of ol (toe) per year
berween 1960 and 2000. But the energy ob-
tained from biomass — albeit unsustainably
gathered over large areas — also increased by
almost as much, in absolute terms, as that
obtained from nuclear power. The contri-
bution of fossil fuels rose by seven times
this amount, notwithstanding the predic-
tions that they would be nearly exhausted
by the year 2000.

In terms of capacity and cost, it is thus
difficutt to make a good case for nuclear
power. Fossil fuels are more than sufficient to
meet the world's energy neecls economically,
not least in developing countries. Will en-

onmental concerns change this? In re-
sponse to successions of clean-air acts and
environmental controls introduced in in-
dustrial nations, all sectors of the energy
industry have made immense strides in
reclucing local and regional pollution per
unit of energy consumption.

With the partial exception of nitrous
oxides, the development of “clean” tech-
nologies and fuels is enabling pollution per
unit of energy use to be recluced by several
orders of magnituce. We have seen major
recluctions in local and regional pollution
where these technologies and practices have
been introduced: reductions of smog, lead
in fuels and acid deposition in Europe and
the US being striking examples. The asso-
ciated costs have, moreover, proved to be

small comparec with the overall costs of

energy use, and have sometimes been negat-
ive, with the “clean” practice being more
effcicut than the polluting practice it dis-

aced. Further recluctions are still possible,
with hybrid vehicles and fuel cells holding
considerable promise. Countries taking acl-
vantage of these technological develop-
ments have been able to use more energy
with less pollution and have found them-
selves economically better off.

The fossil-fuel inclustry has thus respondecd
remarkably well to local and regional pol-
lution problems, and there is no reason why
societies cannot enjoy the benefits of using
these sources while striving to improve the
local and regional environment. I shall tend
to the global environment later.

Anderson observes that fossil fuels have
proven to be abundant and less expensive
than nuclear power. It is not surprising that
estimates of reserves differ, because surveys
are inevitably incomplete, Furthermore, the
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Better by design - “fast” reactors like the one tested
at Dounreay could make nuclear power cheaper

quantities available depend on how much
we are prepared to pay for extraction. Re-
lative costs are ditheult to estimate because
nuclear costs depenc on the lifetime of the
reactor, which may be as long as 60 years. A
small fraction of the output investec each
vear easily pays tor decommissioning, and
reactors are now designed to tacilitate this
process. The cost of nuclear power relative
1o fossil tuels would be very different if realis-
tic estimates of the cost of pollution and cli-
mate change were also included. In the short
term, fossil fuels may appear less expensive,
but itis the long tevm that is more important.
The Belgian government recently setupa
"ommission to examine the options for elec-
ricity generation. Taking into account fuel
Fosts, non-{uel costs (investment, operation
and maintenance), external costs (air pol-
ution, noise and greenhouse gases) as well
as the cost of construction, grid connection
ind decommissioning, the commission esti-
atect that icwill cost BT 2.34 to generate
wery kilowatt-hour of electricity from coal
n 2010. The equivalent figures were 1.74
e gas, wind as 1.8 (seashore), 2.39 (oft-
dhore) and 3.26 (inlandy, but juse 1.22-1.28
i nuclear power. [n other words, nuclear
ower is not only more reliable, safer and
ss detvimental to the environment than the
alternatives, but also substantially cheaper.
In his book The Farth Under Thivat, Sir Ghil-
lean Prance, formevdirector ol the Royal Bo-
tanical Gardens at Kew, describes in graphic
detail the devastating eftect on animal and
plant life already atributable to climate
change (see further reacling). Many species,
such as the golden toad in Costa Rica, have
become extinet. This can be dismissed as an-
ecclotal and lacking in staristical basis. Who
cares about the golden toad? Well, I do, as 1
care about all threatened species.

Scientists on the UN's International Panel
for Climate Change (IPCC) have amassed
impressive evidence that climate change is
real. Their work indlicates that in the next
100 years average global temperatures will
rise by several degrees and the sea level by
50-100 cmu. There are, ol course, many un-
certainties, but it is prucent to take climate
change seriously. Many of its potentially
devastating eftects are clivectly attributable
to the carbon clioxicle emitted when tossil
fuels are burnt. Neanwhile, impurides in
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fossil fuels cause acid rain, which is alreacy
adversely affecting rivers. lakes and forests.
While some countries are reducing the levels
of pollution. this must be done world wide.
[tis therefore essential to eliminace fossil-fuel
power stations.

As for wind and solar power, they con-
tributed only 0.13% of the world's energy
proctuction in 2000 and disfigure kuge areas
of land. They are also relatvely expensive
and five times as dangerous as nuclear power
as measured by deaths from all causes dur-
ing production. There is no hope that they
can supply our energy needs. The only prac-
tical substitute for fossil fuels is nuclear
power. In 1988 some 1.9% 10" k\Whof elec-
tricity was generated by nuclear power
stations. The same amount would be pro-
duced by burning 900 million tonnes of coal
or 600 million tonnes of oil. In other words,
the emission of 3000 million tonnes of car-
bon dioxide has been saved by using nuclear
power, rather than coal. (While coal emits
850 tonnes of carbon dioxide per gigawartt
hour, the figures for oil are 730, gas 300,
nuclear 8, wind 7 and hydro 4.)

As countries switch to nuclear, their rate of
carbon-dioxide emissions fall. Since 1970
France has halved its emissions, Japan (32%
nuclear) has achieved a reduction of 20%, ¢
while the US (20% nuclear) has reduced it
by only 6%. The emission of noxious gases
like sulphur dioxide is also dramatically re-
duced by going nuclear.

The UK government, meanwhile, wants
its emissions of greenhouse gases to be 10%
lower by 2010 than they were in 1990. A re-
duction of 6% had been achieved by 1993,
which was due to nuclear-power output ri-
sing by 39% between 1990 and 1994, How-
ever, if no more nuclear power stations are
built, the level of emissions will rise steeply:
In subsequent years, as older nuclear power
stations are decommissioned, the UK will
find it impossible to reach its target.

Although many new gas-fired power sta
tions, which emit only half as much carbon
dioxide as coal-firec! power stations, are cur-
rently being built, the problem is that they
leak methane, which has a “global-warming
potential” of about 60 times that of carbon
dioxide. These two effects approximately
balance out, which means that we can expect
no reduction in global warming by switching
from coal to gas. Even if’ this methane effect
is neglected, then if’ gas increases to 43.5% of
total production, while coal declines to 2.5%,
we can expect carbon-dioxide emissions to
fall by 10%. And if nuclear rises to 43.5% at
the expense of coal there will be a 20% fall.

If we do not solve the world's energs
problems now, then they will soon be solved
for us. We are living in a special period in
human history when oil, gas and coal are
readily available. At present rates of con-
sumption, the oil and gas will be gone in less
than 100 years, and coal in about 200-300
years. Fossil-fuel burning will then cease and
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aliernadves will have o be found. If we con-
tinue to burn fossil fuels, we not only pollute
the Earth and initate global warming, we
also deprive future generations of these
valuable materials, the bases of petrochem-
ical industries, Would itnot be better to solve
these problems now — using nuclear power -
instead of waiting until itis too late?

I disagree with Hodgson that “the only prac-
tical substitute for fossil fuels is nuclear
power™. The alternative of renewable en-
ergy is abundane, as he points out, but its
practical potential is also far greater than he
stiggests, [t could, in theory;, meet all of the
world’s energy demands. [n practice, we will
end up with a mix of energy supplies. Hy-
drogen procuction from coal-bed methane
and natural gas is a promising option, for
example (the CO, by-product being used for
the enhanced recovery of oil or coal-bed me-
thane on a non-net-carbon-emitting cycle).
This is not merely my view: the [PCC, in all
three of its assessment reports, has arrived at
the same conclusion, as have many industrial
and academic studlies.
1 First two myths about renewable energy
/need to be dispelled. One is that it is too
dispersed to be of practical use without de-
spoiling the landscape. Over vast areas of
the developing world, the incidentsolar en-
ergy 15 2000-2700 kWWh per square metre
of ground occupied per year. Solar-thermal

of this to electricity, and photovoltaics now
on the marketabout 15% of it. This is more
than two orclers of magnitude higher than
the energy produced by common crops
and wood from an equivalent area of land.
All of the world’s future energy demancls
could, in theory, be met by solar devices
occupying about:
e 1% of the land now used for crops and
pasture; or
o the same area of land currently inundated
by hydroelectric schemes, the electricity yield
per unit area of solar technologies being 50~
100 times thatof an average hydro scheme.
A sizeable portion of energy supplies
could also be produced by roof-top solar
dlevices. Nor should we overlook resources
such as biomass (which could enable vast
arcas of degraded land in developing coun-
tries to be restored), as well as offshore wind,
geothermal energy and the energy in tidal
streams and waves. Although I share Hodg-
son’s concerns about the dangers of wind
turbines despoiling the landscape, they are
now being installed offshore. Multi-sourced
systemns based on wind, waves, tidal streams
and solar posver are also possible. Solar
schemes are also architecturally attractive.
The second myth is that renewable en-
ergy (other than biomass) cannot be stored.
Arange of options is now being developed,
including thermal, mechanical, thermo-
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Practicat challenge - solar devices could, in theory,
meet all of the world’s future energy demands

chemical and electrochemical storage, as
well as the production and storage of hvdro-
gen for fuel cells or direct combustion for
both stationary applications and transport.
Even nuclear power needs t solve its “stor-
age problem”, both to service peak loads on
electricity systems and to meet the immense
energy needs of ransport. | oie
Producing hydrogen front Solar photo-
oltaics and wind power is estimared to cost
Between £0.05-0.10 per kilowatt hour,
oughly 7-15 times the cost of natural gas.
However, the costs could decline fvefold
vith economies of scale and as the manu-
acture of electrolysers develops (see Ogden
in further reading). And although nuclear
power has the economic advantage of using
he capacity of electrolysers more fully, the
long-term average costs of renewables are
as low as — if not lower than - those of nu-
clear power. Renewable-energv—hydrogen
systems are unlikely to cost more than nu-
lear-hydrogen systems — and possibly less.
The costs of renewable-energy technol-
ogies differ greatly with location. Solar
technologies are more economical in the
sun-drenched topics, where seasonal vari-
ations insun levels are lower than in other
regions of the world and solar peaks match
demand peaks much better. In fact, solar
technologics are over tive times cheaper per
kilowatt-hour for most developing nations.
What might look a distinetly unpromising
technology to a pessimist on a rainy day in
northern Europe is highly promising where
5 billion of the world’s population live, and
where energy demands are growing fastest.

There is already a rapidly growing market
in the developing world tor applications that
use the Sun forwater pumping, lighting and
health clinies, and as a back-up for grid sup-
plics and to supplement peak loacls. Solar
applications also avoid the capital expendi-
tures on — and losses in ~ transmitting and
distributing electricity, which account for
about 50% of the costs of electricity supply
in urban areas ancl over 75% in rural areas
and towns, Fuel cells as decentralized sources
ol electricity generation — using hydrogen
generated from renewable energy - would
give rise to similar savings and, in colder cli-
mates, would be an efficient source of com-
bined heat and power.

All of these renewable technologies are
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proven options and are fertile arcas for
R&D: the licerature is notable tor the range
of advunces that are being reported, not
leastin conversion efficiencies, They are still
in an varly phase of development. signifi-
cant efforts having begun barely two dec-
acdesago. The weehnologies are modular and
well suited for batch production. The lead
times are just a few months, compared to
7-10 vears tor wuelear reactors and 3-3
vears for fossil-fuel power sations. Thisis an
important source of cost savings and allows
the technologies t be developed quickly,
They can also be decommissioned and the
materials recveled relatively casily.

Such tactors will not, of course, guarantee
economic success, and it will be important
to develop economically viable scorage sys-
tems, including the fucl-celi-hydrogen op-
tion. But they do suggest that we have energy
sources ol immense promise if’ we are pre-
pared w support them through wise policies,

It is hard to overstate the size of the task
if we are to replace fossil fuels by renewable
or nuclear energy to mitigate the effects of
climate change. According to the IPCC and
the World Energy Assessment — which was
carried out last year by the UN Development
Programme and the World Energy Council
- global primary-energy demands will
rise from about 400 10" J toclay to 800-
1600% 10" J by the end of the 21st century,
depending on assumptions about energy
efficiency. This is equivalent to the output
of 153-30 million MW of nuclear power.

Given the huge problems of decommis-
sioning and waste disposal, the share of nu-
clear power in meeting future energy needs
is bound to be limited. We cannot rely on
nuclear power to solve the climate-change
problem. We should therefore develop ways
of using solar power —the one safe and abun-
cant form of [usion energy that is already
available 1o us in perpetuity: [ appreciate how
far developments in renewable energy and
hydrogen-powered fuel cells have to go, the
difficultics and risks of developing an in-
dustry from asmall base, ancl the time it will
take to switch from fossil fuels. But we must
explore and develop these options.

Meeting the world’s energy needs is an ur-
gent problem — and all practicable energy
sources must be used to solve it. The exact
mix in different regions will depend on
many factors, particularly the indigenous
fuels as well as local geography and econo-
mics. Developed countries must help de-
veloping nations to increase their energy
supplies and curb existing wasteful habits.
Continuing efforts must be made to reduce
pollution and carbon-dioxide emissions. To
make progress in discussions about energy
production and the effects on the environ-
ment, it is essential to have numerical data.
Without such information, it is impossible
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w knowwhethera proposed source or ellect
ix important or negligible.
T weare wstabilize the emission ol e
/bon dioside by the middle of the 215t cen-
tury, we need to replace 2000 fossil-fucl
power stations in the next 40 vears, equiva-
lent to a rate of one per week, Can we find
500 km* each week to install 4000 wind-
Y mills? Or perhaps we could cover 10 km* of
desert each week with solar panels and keep
them clean? Tidul power can produce large
amounts of energy, but can we find a new
Severn estuary and build a barrage costing
L£9hn every five weeks?

Nuclear power, however, is a well tried
and reliable source, whereas the alternatives
listed by Anderson are mainly hope for the
future and have vet to prove themselves. At
the height of new nuclear construction in
the 1980s, an average of 23 new nuclear re-
actors were being built each vear, wich a
peak of 43 in 1983. A construction rate of
one per week is therefore praciicable.

[ hold no special brief for nuclear power.

" there were another way of providing our
energy needs without destroving the Earth,
[ would support it. I am not, I must admit.
happy about the dangers of nuclear radi-
ation. [ know that, in the hands of engincers
at, say. Sizewell, nuclear power is extremely
safe, but [ can think of many places that
would not inspire me with the same confid-
ence, There is always the fallibility of hu-
man nature, and the danger that politics
will domineer engineering prudence, al-
though the same could be said of all mod-
ern technology. Strict controls and eternal
vigilance are therefore the price we must
pay forits benefits.

A careful and objective analysis will ve-
veal the best energy policies wo adopt. It
is all too likely: however, that this will not
coincide with public views, This puts gov-
ernments in a dilemma; they can remain
popular only by adopring policies that they
know are not the best ones from an objec-
tive sciendific viewpoint, Methods ol tack-
ling this serious and intractable problem
will have to be discussed.

So do we need nuclear power? Obviously
not, il all we care about is having enough
energy for the next 100-200 vears to con-
tinue our current wasteful lifestyles. But
then we must pay the price in terms of pol-
lution: sterile lakes and dying forests, climate
change and the international tensions gen-
erated by the scramble for the last remaining
oil. To avoid these consequences, such fuels
must be replaced by non-polluting sources,
and the only realistic possibility is nuclear
povwer. It we care for the Earth, then, like it
or lump it, we need nuclear power.

I believe industrialized nations should aclopt
amodest carbon tax with the revenues being
earmarked for R&D and tax incentives to
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The end is nigh - desgite advances in exploration
and production, fossil fueis will eventually run out

commercialize the following technologies:

e oftshore renewable-energy resources;

o hydrogen systems and fuel cells;

o photovoltaics;

@ acdvanced energv-storage svstems, inclu-
ding hydrogen storage;

o geothermal eneray; and

o improved enerzy efficiency; including
stmall-scale systems that comibine both heat
and power.

Although industrial countries, including
the UK. are already heading in these direc-
uons, their policies tre minuscule in compar-
ison with the effortthey expended on nuciear
power in the past.

Developing countries also need to inidate
parallel programmes, Building on the work of
the UN Framework Conventions on climate
change and biodiversity: these programmes
should - in addition o the above policies —
inclucle the development ol advanced solar-
therinl Proser stitians ancl nmlli-p\ll‘p«‘)sc
schemies lor the sustainable production of
biomass for eneray wse and the restoraton of
degracled Llands and watershecls,

[vis prectsely becane renewable energy still
accounts [or such a small share ol ourput,
coupled with its promise, that these program-
mes are justified from both an economic and
an environmental perspective. When prom-
ising eehnologies are emerging, they need
to he nurtured and rescarchec more [ully: to
see whatthey will yield, OF all the arguments
against renewable energy; the one that itstill
accounts for only a small fraction of output
relative o nuclear power is the worst. Nu-
clear power generated little in the 1950s; but
that clid not stop governments subsidizing
the industry to the wne of $0.5-1tnllion
over the following 40 years. In the early
phases of a technology; there is more to be
discovered, more scope for progress, more
scope for reducing costs through invention
and innovation, and economies of scale are
more marked. The costs of photovoltaic
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modules, for example, fell ron S300 000 per
kilowatt in the 19705 to S3000 per kilowatt
by the late 19905, and the scope for lurther
reductions is far from exhausted. g

The “learning curves™ for renewable-
energy technologies are steep, the unit costs
falling by 15%=25% every time the cumu-
lative volume of production doubles. There
is eveoy inclication that fuel cells and hydro-
gen production will decline in costata sim-
ilar rate, provided that we invest in their
development. Indeed, over 5 GW ol new
renewable-energy capucity is already being
installed each year, and markets are doub
ling every 3— years. Il their share in energy~>
production rose to 3%—10% of world en
ergy supplies, their costs would decline by
three-to fivelold. Atworst, we would have an
importantsource of energy supplies; at best
a proven way ol meeting the world's energy
needs in perpetvity without carbon emis
sions, and a cheaper and abundant source
energy —mostof all in developing nations.

As for nuclear power, itshould be exemp-
ted from carbon taxes and climate-change
levies. To put a carbon tax on non-carbon
energy sources is illogical and inappropriate.
The huge legacy of nuclear waste and the
decommissioning of old nuclear plants must
also be addressed by public policies. Bevond
that, the nuclear industry is now surely ma-
wre enough to stand on its own feet. Lt does
not merit further public financial support,
which would be better used [or other pur-
poses. Tt should put the case for new plant to
the financial markets, not to governments,
and in cloing so make the necessary provi-
sions for meeting the costs of waste disposal
and eventual decommissioning
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INTRODUCTION:

The purpose of this paper is to evaluate the arguments Peter Hodgson and Dennis Anderson
make in their in June, 2001 Physics World article entitled “Do we need nuclear power?”
Peter Hodgson argues that nuclear power is necessary; Dennis Anderson argues that it is not.
Both writers agree that the five appropriate criteria upon which to judge nuclear power are
capacity, cost, safety, reliability, and environmental effects. It is upon these criteria that I
will base my analysis of their arguments.

For each of the five criteria I have adopted the following approach:

=  Summarising the arguments made FOR nuclear power.

* Analysis of the arguments made FOR nuclear power.

®  Summarising the arguments made OPPOSING nuclear power.

* Analysis of the arguments made OPPOSING nuclear power.

= My two penny’s worth—what has been left out, what may be true but misleading or
irrelevant, and arguments that both sides might have made to better argue their respective
cases.

I will summarise and draw conclusions at the end.

Where there are involved calculations I have simply stated the result in the analysis and left
the full calculation for the Endnotes.

If in the summaries I am quoting directly from their arguments in the article, I will use
italics. If I am paraphrasing their arguments I will use normal type.

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003 )
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CRITERION #1: CAPACITY

ARGUMENTS MADE IN FAVOR OF NUCLEAR POWER:

With the exception of nuclear power, all other sources for generating electricity are either
fatally flawed or too hopelessly limited to provide electricity for the future. Wood is impractical, oil
and natural gas are running out and need to be conserved for the chemical industry, hydropower has
already dammed muost of the usable rivers, and tidal power, wind, and solar are all intermittent and
costly. Coal is abundant but produces unacceptable amounts of CO, and other pollutants.

By contrast, nuclear power already provides 20% of the world’s electricity and 50% of
Western Europe’s electricity, has high load factors (typically over 90%), and is safe, cheap and
reliable. New “fast” reactor designs can multiply by over 100 the amount of usable uranium.

In 1983 43 nuclear power plants were built. The industry has already shown that it can churn
out power plants at a rate that would meet future electricity needs.

Using renewable energy sources would require finding 500 km? of land each week to install
windmills, or require covering 10km? of desert each week with solar panels and then keeping the
panels clean.

ANALYSIS OF THE ARGUMENTS MADE FOR NUCLEAR POWER:

The oil argument is a bit of a red herring, in that oil is rarely used to generate electricity.

Nuclear does run at high load factors, but the world-wide average availability was 83.4% in
2001* (not the 90% or more Peter Hodgson quoted as typical) and varies quite a bit from country to
country (from a high of 94 percent for South Korea to a low of 51 percent for Brazil.)

The spallation accelerator technology to breed nuclear fuel and burn nuclear wastes that he
mentions in the article is, like fusion, nice in theory but not yet practicable. It is not something we
should count on when deciding whether of not it makes sense to build more nuclear power plants.

Worldwide, nuclear energy did contribute about 20% to total electrical generation.‘1 Western
Europe produced 35% of its electricity from nuclear energy in 1998, not 50% the author claims.*
Since nuclear power is not useful for meeting PEAK load demands (which are presently often met by
natural-gas fired plants), he is really looking at replacing current coal-generated electricity (which
also tends to be used to meet base demand) by nuclear generated electricity. By this criterion nuclear
could replace up to 50% of US electrical generation* and up to 40% of world-wide electrical
generation.*

Although using wind would require finding 500 km? of land each week to install
windmills®", this does not take most of that land out of use. The footprint of the wind turbine is quite
small, and the land around each turbine can be used for agriculture or pasture. Alternatively, one can
move the windmills offshore.

10 km? of desert needing to be covered each week in solar panels is too low by about a factor
of about two. B¥2 If instead of desert you covered rooftops (where people are already living) this
would require no NEW land being covered.

ARGUMENTS MADE OPPOSING NUCLEAR POWER:

Fossil fuels are still abundant and cheaper than nuclear power. Commercially proved
reserves are a poor guide to what is really available, as they do not include tar sands, shale oils, and
natural gas hydrates in the permafrost and on the ocean floors.

The energy obtained from biomass in the past 40 years has increased almost as much in
absolute terms as that obtained from nuclear power.

All of the world’s future energy demands could, in theory, be met by solar devices occupying
about 1% of all the land presently assigned to crops and pasture or the same amount of land
currently inundated by hydroelectric schemes. A sizeable portion of energy supplies could also be
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produced by roof-top solar collectors. Ultimately, the answer is multi-sourced systems based on
wind, waves, tidal streams and solar power.

By generating energy where it is needed rather than using central distribution of electricity,
heavy transmission and distribution losses of 50% in urban areas and up to 75% in rural areas can be
avoided.

ANALYSIS OF THE ARGUMENTS MADE OPPOSING NUCLEAR POWER:

There is about 200 years worth of coal still available.” Commercially available oil and gas do
NOT have a 200 year lifetime.? As easily obtainable oil and gas become rarer and more expensive the
argument that they are cheaper than nuclear power will probably not hold. Tar sands and oil shale
contain large reserves of oil in theory, but the amount of energy it takes to extract that oil is very close
to the amount of energy that you’d get out of that oil. If that energy for extraction has to come from
oil or natural gas you end up generating five to ten times as much CO, as you would in processing the
same amount of conventional oil.%

One percent of all of the land currently devoted to crops and pasture is about the right amount
of land to cover to meet the world’s future ELECTRICAL energy needs, but would be quite
insufficient to meet the world’s TOTAL future energy needs. ™2 Taking land away from food
production in developing countries at the same time as one expects rapid population growth in these
countries defies logic. Covering vast amounts of pasture-land with solar cells presents the problem of
developing the infrastructure to deliver the electricity to where it is needed. And since by definition it
is rural land, one could expect to have the same electrical energy distribution losses in that the author
claims that solar power will avoid. Roof-top solar, on the other hand, could cover a huge area at the
point of use, and so his distribution and transmission losses COULD be avoided.

Mr. Anderson also gets his electrical distribution losses wrong. Typical distribution losses
are less than 10%7, not the 50-75% he quoted. The 50-75% figure might be attributable to power
“theft” in developing countries rather than intrinsic inefficiencies in power distribution.?

The author himself admits that much of the growth in biomass comes from unsustainable
harvesting practices. One can infer that growth in sustainably managed biomass harvesting will be
offset (in a sane world) by a corresponding decrease in unsustainable forestry practices.

Invoking natural gas hydrates in the permafrost as a solution our energy problems is at best
premature, as the technology to harvest and exploit them has not yet been developed.

MY TWO PENNY’S WORTH:

The pro-nuclear argument could have been made much stronger by emphasising the possible
use of nuclear power to make electricity or hydrogen for clean transport. He might have emphasised
the intermittent nature of renewables—even if you DO cover the desert in solar panels, you still need
power at night.

The anti-nuclear argument could have been made more strongly by pointing to the successful
utilisation of wind power in Denmark, or by not relying on out-of-the- mainstream estimates of
current reserves. He could also have pointed out that developing countries might not have the
engineering expertise or technical capacity to maintain the high technical standards to operate nuclear
power plants. Neither will they likely have the infrastructure required to store, transport, and process
the nuclear fuel and wastes safely. Nor will they likely have the economic resources to make the
initial large capital investment in a nuclear plant.
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CRITERION #2: COST

ARGUMENTS MADE IN FAVOR OF NUCLEAR POWER:

The long-term costs of nuclear are similar to coal and the amount of radioactive wastes
nuclear energy produces are relatively small. A Belgian government study shows that nuclear power
is substantially cheaper than any other form of power generation, even taking into account external
costs including decommissioning the reactors.

ANALYSIS OF THE ARGUMENTS MADE FOR NUCLEAR POWER:

An OECD study concludes that
“Well-run nuclear plants have operating costs similar to, or lower than, those of competing
plants. . . new nuclear power plants face challenging competitive conditions. Fossil-fuelled
plants are expected to have a lower total cost of electricity than nuclear plants in most
countries under the energy market conditions and fuel prices that have prevailed in recent
years. . . While governments have played a pivotal role in securing the economic viability of
nuclear power in the past, today the technology is mature. Private investors and commercial
generators must bear most of the financial risks of new nuclear plants. Nuclear power must
increasingly face the future on its economic merits and economic drawbacks as judged by the
electricity markets.”?

This can be taken to mean that reactors already existing can be run economically, but that the

economics of NEW reactors depend very much on the cost of capital and of the market prices of

competing fuels. A nuclear power plant is a very expensive and long-term investment, whose

ultimate profitability depends on volatile market conditions over a long period of time. ™

The Belgian study quoted takes a statistical approach, and assumes that the risk of a nuclear
accident is one Chernobyl-type accident spread out over 442 nuclear reactors operating over an
average of 20 years each. They estimate the of external costs of nuclear power, which includes
decommissioning, waste disposal, and the possibility of a nuclear accident, to total roughly 0.02
Eurocents/kWh'? out of a total nuclear electricity generation price of 3.05-3.20 Eurocents/kWh.!*
The Belgian study itself says:

It is important to indicate that the figures mentioned are theoretical statistical values

intended to permit comparison of the safety risks among various methods [of energy

generation]. They must not be considered outside of this context and should not be
construed to be realistic estimations of the actual safety risks. B2

--(text italicised in the original document; translation my own)

The Belgian study’s estimate of the TOTAL external costs of nuclear power is lower than the
US Nuclear Regulatory Commission’s estimates of the cost to just DECOMMISSION a nuclear
reactor. The NRC estimates that the cost of decommissioning a nuclear plant is about $300-450
million'* while others contend that the price may be as much as ten times higher.> Assuming a cost of
$1 billion dollars to decommission a 1000 MW plant after 20 years of operation the total
decommissioning cost comes out to 0.83¢ per generated kWh.E¥ Even if you assume a reactor
lifetime of 40 years and the minimum NRC decommissioning cost you still come up with 0.12¢ per
kWh (still over 5 times larger than the Belgian study estimates for ALL external costs). Thus the
Belgian study must have seriously underestimated the external costs of nuclear power.
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ARGUMENTS MADE OPPOSING NUCLEAR POWER:

Nuclear power is more expensive than fossil fuels. To compete with existing gas-fired plants
would require a government subsidy of £1 billion per installed gigawatt. In its 40 year history
governments has subsidised the nuclear industry to the tune of 0.5-1 trillion dollars.

The learning curves for renewable energy are such that the price per unit falls 15-25% every
time production doubles. With markets doubling every 3-4 years, the price for renewables could drop
three to five-fold. If governments subsidised renewables to the same extent that they have subsidised
nuclear power, we would see substantial improvements in technology and decreases in costs.

Producing hydrogen from solar PV and wind should cost between £0.05 and 0.10 per kWh,
and should drop fivefold with economies of scale.

ANALYSIS OF THE ARGUMENTS MADE OPPOSING NUCLEAR POWER:

As stated above, whether NEW nuclear plants can be run economically depends on the cost
of fossil fuels and of capital.

Existing renewables have initial capital prices at least as expensive as nuclear fuels.
Assuming a 35% “capacity factor” for wind™ it would take a 2.5 MW wind turbine to replace 1 MW
of nuclear generation capacity. At a present cost of approximately $1/W for wind"* this works out to
$2500 per kW (25% more than nuclear)’®. In the UK solar could be 30 times as expensive as nuclear
energy. B Renewable energy has benefited from some of the same kinds of subsidies that the
nuclear industry benefited from in its infancy (albeit not at the same levels). There are
government—funded R&D labs that benefit the renewables industry. There were tax credits for
investing in wind farms in California in the 1980’s, and several governments have generous rebate
plans and tax incentives for roof-top installation of solar PV.

Hydrogen presently costs at least £0.36 per potential kWh of electrical energy™¥, at least
350% more than what Mr. Anderson claimed. Using solar energy to produce hydrogen would make it
even more expensive

MY TWO PENNY’S WORTH:

Nuclear energy has had huge subsidies in the past and continues to be subsidised to this day.
“According to official figures, OECD governments poured $159 billion in today's money into nuclear
research between 1974 and1998.” 2 It is hard to get solid data on the real costs of nuclear energy.
The people with the actual information (the nuclear industry and the governments) do not have a
vested interest in the public knowing exactly how much nuclear energy, waste disposal, and transport
costs. The institutions against the use of nuclear power are not always completely honest with their
figures either (In one article, the cost of decommissioning a nuclear reactor was given as $3 billion.
Only later do you discover that they are talking about 2020 dollars, not present dollars).

Be that as it may, the real question in the article is whether we should build NEW nuclear
power plants. The real economic debate should be: “Given today’s situation and energy market, does
it make sense to build new nuclear plants?” The author against nuclear power could have made a
much stronger point by looking at the present subsidies for nuclear power or quantifying the disposal
costs; that plants usually need costly (upwards of $200 million) refurbishment before their 40-year
life cycle is complete;? that the nuclear industry in the US is only responsible for $9.54 billion in
damages™ in the case of a serious nuclear accident even though the cost of such an accident could
exceed $150 billion'¥; and that the industry “cost of nuclear energy” estimate assumes that the
government is responsible for paying for the eventual storage and security of nuclear wastes.”> He
might also have wondered “aloud” why so many nuclear power plants are being shut down before
their design lifetime has expired if nuclear power is economical.

The argument for nuclear power could have pointed out that the government’s role in
covering the costs of a nuclear disaster is the same as the role it takes in flood and fire disasters,'” and
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that the cost of a nuclear accident may be much less than that of the world-wide damages caused by
global warming from CO, emissions. He might also have pointed out that the embodied energy costs
of solar PV mean that the energy required to produce solar panels is at least 1/5 of their lifetime
energy output. It may require the entire output of the worlds’ present complement of nuclear power
stations to build the solar panels that will eventually replace them!

Finally, he might have argued that in discussing the cost of nuclear power, people tend to
include the real cost (hotly debated!) of nuclear waste disposal and decommissioning power plants
because the process is so evident. With fossil fuels the waste disposal is “free” in the sense that the
wastes just go up the stack and into the atmosphere, and the externalities of fossil fuel generation are
NOT generally included in the perceived cost of the energy so derived. Assessing a carbon tax on
fossil fuel-derived energy would “level” the field for nuclear and fossil fuel electricity generation and
might shift the economics in favour of nuclear energy depending on the cost of fossil fuels and the
magnitude of the tax.
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CRITERION #3: SAFETY

ARGUMENTS MADE IN FAVOR OF NUCLEAR POWER:

Nuclear energy produces none of the ash, noxious gases, CO,, or radioactive emissions that
characterise coal-fired plants. Techniques for refuelling nuclear power plants are well established and
safe, and the relatively small volumes of highly radioactive nuclear wastes can be safely processed,
encased, and buried in stable geological formations. New research reactor designs under
development are extremely safe and may be able to “burn” the nuclear wastes, reducing their
effective half-lives to only 300 years or less.”?

In the hands of capable engineers a nuclear power plant is extremely safe, but I can think of
many places that would not inspire me with the same confidence. There is always the fallibility of
human nature, and the danger that politics will domineer engineering prudence. . . Strict controls and
eternal vigilance are therefore the price we must pay for it benefits.

ANALYSIS OF THE ARGUMENTS MADE FOR NUCLEAR POWER:

With the exception of Chernobyl, there has been no major nuclear accident with a large
release of radioactivity in the past 30 years.!* There is serious disagreements as to whether the
present storage schemes are safe and lots of questions where to put the wastes. These new research
reactors may be great, but no one has one working yet. It is not as yet a solution that we can depend
upon.

Beyond that are those issues raised by the PRO argument. A large coal power plant in the
hands of an idiot or maniac can explode and kill thousands of people, but it will not leave a huge
swath of land uninhabitable for hundreds or thousands of years. The present situation in Iraq suggests
that it is not always possible to exert strict controls.

ARGUMENTS MADE OPPOSING TO NUCLEAR POWER:

Given the huge problems of decommissioning and waste disposal, the share of nuclear power in
meeting future energy needs is bound to be limited.

ANALYSIS OF THE ARGUMENTS MADE OPPOSING NUCLEAR POWER: Dennis
Anderson simply makes a statement rather that any substantive argument. If he wants to convince
people that nuclear energy is a huge safety risk, he could talk about potential shipping accidents,
terrorist attacks on nuclear shipping or power plants, diversion of plutonium to make bombs, the lack
of qualified technical personnel to run nuclear plants in developing countries, the dangers of nuclear
wastes leaking into groundwater, logistics of providing security for nuclear wastes for the next
100,000 years, radioactive wastes getting into the food chain . . .

MY TWO PENNY’S WORTH:

The only major nuclear accident to kill people in the past 20 or 30 years was from a poorly
designed reactor that was being run incompetently. I’m willing to believe that modern engineers can
design a power plant that will not melt down. I’'m less certain that Third World countries are
technically competent to safely run such a reactor, or will have the political fortitude to shut down a
malfunctioning reactor if it forms a large fraction of their total electrical generation capacity. I'm
even less certain that it makes sense to substantially increase our nuclear generation capacity until we
have figured out how to safely inactivate or store the wastes for as long as is necessary.
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Beyond that, nuclear power plants produce plutonium, which can be separated from the
nuclear fuels at the end of two years and processed into a bomb. A government that seems “friendly’
at one point (think Iran in 1977) might be not-so-friendly at another point (think Iran in 1980). Even
if the nuclear waste could be stored safely forever, there is nothing stopping a government from
diverting plutonium into making bombs (as India did with plutonium from their reactors in 1974).2
Nuclear proliferation poses a huge public safety risk even if the plants themselves were totally safe

and the storage issues were completely resolved.
Although a typical fission bomb is difficult to produce, terrorists can produce low-tech “dirty
bombs” from TNT and radioactive materials (such as cobalt-60) that are commonly used in medicine

and industry.?
CRITERION #4: RELIABILITY

ARGUMENTS MADE IN FAVOR OF NUCLEAR POWER:

Nuclear energy has high “load factors”—typically more than 90%---with nearly all of the remaining
time spent on planned maintenance. People have over 40 years experience running nuclear power
plants.

ANALYSIS OF THE ARGUMENTS MADE FOR NUCLEAR POWER: Availability factors
of nuclear power plants typically lie closer to 83%" rather than 90%. Many have undergone
unscheduled shutdowns for unanticipated maintenance.

ARGUMENTS MADE OPPOSING NUCLEAR POWER:
No argument made on the reliability of nuclear power plants.

MY TWO PENNY’S WORTH:

Nuclear power as a whole is fairly reliable, if one means by that that the plants run the majority of the
time and churn out energy as they are designed to. Similar to the safety argument, they are high-tech
machines requiring an in depth understanding of the underlying engineering to be run safely. One
could reasonably argue that industrialised countries can do this. One could ask what a developing
country is supposed to do for electricity when they shut down a nuclear power plant for scheduled (or
unscheduled) maintenance, or if they fail to maintain their plant.

CRITERION #5: ENVIRONMENTAL EFFECTS

ARGUMENTS MADE IN FAVOR OF NUCLEAR POWER:
Again, nuclear energy produces none of the ash, noxious gases, CO,, or radioactive emissions that
characterise coal-fired plants. It is economically competitive, especially if you take the nasty effects
of fossil fuels burning into account.. Using nuclear energy would help preserve endangered species by
averting the global warming and acid-rain fossil fuels produce.

In 1988 the electricity produced by nuclear energy would have required the burning of 900
million tonnes of coal.

The use of nuclear energy has prevent the emission of 3000 million tonnes of CO,. (coal
emits 850 tonnes of carbon dioxide per gigawatt hour, oil 700 tonnes, and gas 500 tonnes).

As countries switch to nuclear, their rate of carbon-dioxide emissions falls. Since 1970
France has halved its emissions, Japan (32% nuclear) has achieved a reduction of 20%, while the US
(20% nuclear) has reduced it by only 6%). The emission of noxious gases like sulphur dioxide is also
dramatically reduced by going nuclear. Between 1990 and 1995 the UK lowered their emissions by
6%, which was due to nuclear-powered output rising 39% between 1990 and 1994.
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Increasing the use of natural gas would mean increases in leakage of methane, which has a
global warming potential 60 times worse than that of CO,. Even if one ignores the leakage of
methane, replacing coal-burning plants with nuclear plants will reduce CO, emissions by twice as
much as replacing coal with natural gas would.

The environmental effects of covering vast tracts of land with wind turbines or solar panels or
covering the coasts with tidal barrages are much worse than the relatively benign effects of building
one relatively compact nuclear power plant every week.

ANALYSIS OF THE ARGUMENTS MADE FOR NUCLEAR POWER:

It is true that, under ordinary circumstances, there are no nasty stack emissions from nuclear
power plants and that the radioactivity released from uranium in coal ash is more than what is
normally released on the periphery of a nuclear plant. The use of nuclear power would avoid the
global warming and acid rain contribution that accompanies fossil fuel use for electricity generation.

Using nuclear power in 1998 did indeed avoid burning 900 million tonnes of coal.

Peter Hodgson’s numbers for CO, production from coal (850 tonnes of CO, per GWh of
electricity produced) are reasonable if one assumes that one is burning the highest quality coal. For
lower quality coal, the CO, production would be even higher than he assumes. In addition, his
numbers for coal consumption avoided by the use of nuclear power since 1988 are too low (1600
million tonnes rather than the 900 million tonnes he quotes).2? Similarly, his statement that 3000
million tonnes of CO, was avoid by using nuclear power is two times too high if he is talking about
1988 production, and much too low if he is talking about cumulative CO, since 1988.

His statement that methane has about 60 times the global warming potential (GWP) of CO, is
correct if one is talking about GWP on a per molecule basis. On a per kilogram basis (how GWP is
usually reported) methane has 21 times carbon dioxide’s global warming potential.

He is “spot on” when he states that replacing coal with methane would lower global CO,
emissions by 10%, and that replacing coal with nuclear power would lower global CO, emissions by
20%.EM1 His is NOT correct when he states that the amount of global warming caused by methane
leaking out of pipes would balance out the CO, emission savings from switching from coal to
methane. Pipeline leaks from new pipes are only 0.1% of the gas they carry.?* In addition, since coal
mining releases natural gas that is trapped in with the coal, less natural gas would be liberated from
coal beds if less coal was being mined, and this might balance out any new leakage from increased
gas usage. Of course, switching to nuclear would avoid this extra methane release as well.

He is totally wrong on CO, emissions decreasing in countries using nuclear power. In
France, Japan, and the U.S. CO, emissions increased between 1991 and 2000.5*2 In the UK
emissions did drop from 1990-1995 at the same time as nuclear power generation increased. On the
other hand, from 1995-2000 UK CO, emissions decreased again, even as nuclear energy production
in the UK was decreasing.E™2 Correlation does not imply causation. If what the author meant was
“As a country increases its nuclear generation capacity, its CO, emissions related to electricity
production go down” he should have made that clear.

One could argue about whether a nuclear power plant and its accompanying mining,
transport, waste storage areas and the effects of thermal pollution from the plants are preferable to
having lots of windmills and PV and altering shoreline habitats.

ARGUMENTS MADE OPPOSING NUCLEAR POWER:

The development of “clean” technologies and fuels is enabling pollution per unit of energy
use to be reduced by several orders of magnitude. We have seen major reduction in local and
regional pollution where these technologies and practices have been introduced: reductions of smog,
lead in fuels and acid deposition in Europe and the US being striking examples. . . Countries taking
advantage of these technological developments have been able to use more energy with less pollution
and have found themselves economically better off.
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ANALYSIS OF THE ARGUMENTS MADE OPPOSING NUCLEAR POWER:

Clean technologies have reduced NOx, SOx, and other nasty emissions from combustion.
Improving efficiencies have reduced CO, emissions per unit of energy produced. Unfortunately,
technologies that reduce emissions and improve efficiency often require larger initial capital
investment. If developing countries are to enjoy the benefits of these technologies, then industrialised
nation will have to subsidise their implementation.

Ultimately all fossil fuels, no matter how efficient, still produce CO,, and even gains in
efficiency will be wiped out by increases in consumption.

MY TWO PENNY’S WORTH:

Electricity is only 20% of the world’s primary energy usage. The argument favouring nuclear
energy could have mentioned transforming vehicular transport by providing clean electricity for
electric vehicles or hydrogen for hydrogen-fuelled vehicles. Waste heat from nuclear plants could be
used for industrial processes, for desalinisation of sea-water, to sterilise sewage, or many other uses
that require high temperature heat.

The argument against nuclear energy could have pointed out the potential environmental
costs of nuclear proliferation. Dennis Anderson could have made a bigger point about the illogic of
continuing to produce nuclear wastes without having figured out what to do with them, the
environmental dangers of nuclear proliferation, or the ultimate environmental costs to future
generations if we don’t solve the waste problem ourselves.
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CONCLUSIONS

Neither Peter Hodgson (pro-nuclear) nor Dennis Anderson (anti-nuclear) wins this debate. Hodgson
generally gets his numbers right, although he bases his economic estimates on a study whose numbers
are questionable. He dismisses any serious role that renewable energy sources might play in the
future. Anderson quotes exceedingly optimistic estimates of fossil fuel reserves, and doesn’t get down
to specifics when criticising the costs of nuclear energy. He does argue strongly for the development
of renewables. And to a certain extent both depend on unproven technology—<clean fast breeder
reactors for Hodgson, renewable-energy hydrogen systems for Anderson—to argue that their route is
the one to follow. It may have been inappropriate in the particular forum of Physics World to
reference and footnote each source and calculation that they made. But as a result, one is left with
two conflicting arguments based upon “facts” whose veracity is hard to validate.

Modern well-designed nuclear power plants operated by competent and engineers can run safely and
generate huge amounts of power reliably. They have the potential to allow stabilisation of CO, levels
in the atmosphere and to reduce levels of other pollutants as well. These environmental benefits have
to be weighed against the environmental costs of nuclear waste disposal. Peter Hodgson’s assurances
that the amount of nuclear wastes is small and that they can be safely stored are not the same thing as
a plan that points out where the wastes are going to go and how they are going to be safely kept there.

That the nuclear energy industry has enjoyed huge financial subsidies in the past is beyond
question, but it is also history. The real question is whether or not nuclear power is an economical
and environmentally sound way of producing energy for the future. Unfortunately, there is no general
consensus on what the actual cost of nuclear energy is. In an ideal world a judgement of the economic
merits of building new nuclear capacity would be based on an informed and reasoned evaluation of
the facts. That the facts are NOT transparently available does a disservice to both those who favour
nuclear power and those who oppose it, and leaves both sides arguing about what is true rather than
what we should do next.

All of my reading indicates that once the plant is paid for, the energy generation costs are low and the
real costs that remain are for decommissioning, waste storage, and insurance against a major nuclear
accident. Nuclear energy does have some environmental benefit, and shutting down nuclear plants
that have already been paid for does not make sense economically or environmentally. Even if you
wanted to cover every roof with solar panels and every field with windmills, the energy to make those
solar panels and windmills has to come from somewhere. There is a certain irony in that the energy
needed to produce the means to save the planet will require either burning fossil fuels and generating
millions of tonnes of CO, or generating nuclear waste we have not yet figured out how to dispose of.

To my way of thinking the biggest environmental threat posed by nuclear power is that of nuclear
proliferation. Any nuclear power plant produces plutonium and any country with plutonium and
determination can, given time, build a nuclear bomb.

What I can conclude from this debate is:

1. Carbon dioxide emissions must be reduced. Renewables may be the ultimate solution to the
problem, but that solution is going to take at least 20 to 30 years to be fully implemented.
Nuclear power may be able to serve as the “bridge” technology between the predominantly fossil-
fuelled economy of today and a renewably-powered future. As such, shutting down existing
nuclear reactors that are running to specifications does not make sense.

2. A carbon tax needs to be universally implemented to reflect the true economic and environmental
costs of fossil-fuels. The proceeds from this tax should go to subsidising renewables, and to
research on nuclear reactors that “burn” nuclear waste. Success of such a reactor would

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003 12



revolutionise the world’s nuclear waste disposal problems and totally change the nuclear
equation. Failure of such a reactor would force nuclear proponents to confront the realities of
long-terms waste disposal issues.

3. Reprocessing of nuclear fuel and the operation of nuclear power plants should be an
internationally supervised process. It would help prevent countries from diverting plutonium
away from power production and into bombs.

4. A society that depends on nuclear power must have high levels of technical skills, a strong
professional ethos, and a well-developed technical infrastructure. It requires a stable government
that can supervise a technical undertaking over a period of decades. As such nuclear power is a
technology that is presently inappropriate for much of the developing world. If the developed
world wants to reduce greenhouse gas emissions from the developing world it is going to have to
give the developing world the technology it needs to generate electricity renewably and to burn
fossil-fuels cleanly and efficiently.

5. Although there was little discussion of it in the article, efficiency measures may help postpone
some of the need for new generating capacity until we either have the nuclear problem solved or
have enough renewables installed that additional nuclear energy is no longer necessary.

Peter Hodgson states:
If we continue to burn fossil fuels, we not only pollute the Earth and initiate global
warming, we also deprive future generations of these valuable materials, the bases of
petrochemical industries. Would it not be better to solve these problems now--using
nuclear power--instead of waiting until it is too late?

Nuclear power may not be the way to go, but without a doubt, it is better to solve the world’s
energy and greenhouse gas problems now. Investing heavily in renewables now is one sure
way to reduce dependence on fossil fuels and global warming, regardless of how the nuclear
debate turns out.

It is impossible to judge nuclear energy on its merits while people disagree upon the facts. Even in
this article the “debate” sometimes reduces to statements that “nuclear power is safe” or “nuclear
power is too expensive”. Ultimately, there can be no settlement of the nuclear issue until the true
economic and environmental costs of nuclear power have been laid bare and until the nuclear waste
disposal problem is solved.
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END NOTES

ENL Adding of 500 MW per week of nuclear electrical capacity is equivalent to adding about 1250MW
per week of wind turbines, since the availability of wind turbines is only 35%% (compared to
around 80% for nuclear power). This would require 500 2.5 MW wind turbines, each with blades
approximately 100 m in diameter. Since wind turbines are usually spaced 10 blade diameters
apart, that works out to 1 km? per wind turbine, or 500 km? of occupied space.

EX2 Using Dennis Anderson’s number of 2000 kWh/m*/year:
2000 kWh/m?/year x (3.6 x 10° J/kWh) x(1 year/3.16 x 10 sec) = 228 W/m? average.
With a conversion efficiency of 15% that gives 34 W/m?. To get 500 MW of electricity
would require (500 x 10° watts)/( 34 W/m?) = 14.7 x 10° m? or about 15 km? of solar
panels. If you include space to get around the panels and service and clean them, and to keep
them out of each other’s shadow (unless they were flat) you would probably need closer to 20 km?
of land per week.

EN3The world has 1.35 billion hectares of arable land, and 3.35 billion hectares of pasture
land.®

1.35 + 3.35 = 4.70 billion hectares = 4.7 x 10" m?

Present electrical energy consumption is 15 x 10> kWh/year.> Assuming (conservatively) that

energy demand triples in the next 40 years, that makes 45 x 10'2 kWh/year.

Assuming Dennis Anderson’s number of 2000 kWh/m?/year, a 15% conversion efficiency, and

assuming that only about 3/4 of the land dedicated to solar power would be occupied by panels

(with some space for maintenance) would require

(45 x 10" kWh/year)/(2000 kWh/m?year x 0.15 x 0.75) = 600 x 10° m? of land

6 x 10" m? is 60 million hectares, or 1.2% of all arable and pasture land. Assuming his higher

solar irradiance number of 2700 kWh/m?/year gives closer to 1% .

Since electricity is perhaps 1/5 of total world energy demand, it would actually require

closer to 6% of all arable and pasture-land to meet all of the world’s future energy needs.
EN «“Today's capital investment to construct a nuclear power plant is typically some 60% of
generation costs, with fuel costs at 20% and operation and maintenance (O&M) costs the
remaining 20%. Capital requirements to construct a fossil fuel plant can be significantly lower, with
fuel the major generation cost component at some 50% for coal and as high as
70% for natural gas”.* An article in the Economist quoted "Nuclear Power in the OECD".
International Energy Agency, 2001, as saying that the initial capital construction costs were $2,000
per kW for nuclear, against about $1,200 per kW for coal and just $500 per kW
for a combined-cycle gas plant. 22

“A 1997 European electricity industry study compared electricity costs from nuclear, coal and

gas for base-load plant commissioned in 2005. At a 5% discount rate nuclear (in France and Spain) at
3.46 cents/kWh (US), was cheaper than all but the lowest-priced gas scenario. However at a 10%
discount rate nuclear, at 5.07 c/kWh, was more expensive than all but the high-priced gas scenario.
(ECU to US$ @ June '97 rates)"®

EXSThe Belgian report states:
Il est important de signaler que les chiffres mentionnes sont des valeurs statistiques
theoriques destinees pernettre la compariaison des risques sanitaires entre les differentes filieres.
Ils ne doivent donc pas etre retirees de ce contexte et ne peuvent pas etre consideres comme des
estimations des risques sanitaires dans la realite.®

Which I translate as
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It is important to indicate that the figures mentioned are theoretical statistical values intended to
permit comparison of the safety risks among various methods [of energy generation]. They must
not be considered outside of this context and should not be construed to be realistic estimations of
the actual safety risks.

EN6 1000 MW at 70% capacity for 20 years =
10% kW x 0.7 x 8760 hr/year x 20 years = 1.23 x 10" kWh
$1 billion = 1 x 10° $ = 1 x 10"'¢, which works out to 0.83¢ per kWh.

ENI PV-SYST, a program used extensively in the solar industry, estimates that the cost for a
5 kW peak roof was about $45,000, for about 5200 kWh/year. Assuming that a nuclear power
plant is available 80% of the time, the photovoltaics produce an equivalent average of
(5200kWh/year)/(0.8 x 8760 hrs/year) or 742 watts from a nuclear plant. $45000/0.740 kW =
$60,000/kW equivalent output.

EN$«Fyel cells require hydrogen that is 99.999 percent pure, which today costs about $15 to $22
per kilogram. . . The equipment for a retail fuelling station to produce just 60 kilograms of pure
hydrogen—enough to refuel 12 cars—today costs about $450,000.% The energy content of
Hydrogen is 52,000 Btu/Ib (or 120.7 kilojoules per gram)!
120.7 kJ/g x 1000g/kg = 120.7 x 10° kJ/kg
15$/kg/(120.7 x 10° kl/kg) = 124.3e-6$/kj x 3600 kI/kWh = $0.447/kWh=£0.29/kWh.

Assuming an energy conversion efficiency of 80% (hydrogen to water in a fuel cell) gives a

present cost of £0.36/kWh for hydrogen.

EN2 Assuming a coal calorific value of 11000 Btu/Ib* that gives
(11000 Btu/Ib) x (2200 Ib/tonne) x (1 Btw/3413 kWh) = 7093 kWh,/tonne of coal
If your coal burning plant was 30% efficient in 1988 that gives
(7093 kWhy/tonne of coal) x (0.3 kWh/kWh, )= 2128 kWh./tonne of coal
So,
(1.9x10"? kWh, in 1988)/(2128 kWh,/tonne of coal) = 893 million tonnes of coal,
which is exactly what he said.

ENI2A 600 MW coal fired power plant running at 41% efficiency would produce 4.44

million tonnes of CO, equivalent green house gases (GHG) per year (NREL, 2001).2 For a plant
running at 30% efficiency, this would be the GHG output for a 600 MW x (30/41) = 439 MW
power plant. To calculate the CO, equivalent output per kWhe we’d do (4.44 x 10° tonnes
CO,/year)/ [(439 x 10° kW) x (365.25 x 24 hours/year)] = 1154 g CO,/kWhe or about 1100 tonnes
of CO,-equivalent GHG per GWh. Since most of those emissions are CO,, his number of 850
tonnes of CO, per GWh is quite reasonable.

If 1988 electricity produced from nuclear energy was 1.9 x 10'> kWh then the amount of
CO, that would have been produced if coal had been used instead is
(1.9 x 10" kWhe)*(0.850 x 107 tonnes CO, from coal/kWh,) = 1.6 x 10’ tonnes CO, or 1600
million tonnes CO, avoided in 1988.
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ENLL T 2000 World electrical consumption was 15.4 x103 TWh,* or 15.4 x 1012 kWh

Coal provided 39.1% of this* or 6.02 x 10'> kWhe for 5.12 x 10'? kg CO, produced (assuming his
number of 850 tonnes CO, per Gwh from coal is correct) Gas provided 17.4% of this* or 2.68 x
10" kWhe for 1.05 x 10° kg CO, produced (assuming 393 g CO,/kWhe from a 58% efficient
CCGT)
Reducing coal to 2.5% of the total electricity and replacing it with gas would mean replacing
(0.391-0.025) x 15.4 x 10'* kWh = 5.64 x 10" kWh of electricity generated from coal. This would
decrease CO, from coal by
5.64 x 10" kWh x 0.850 kg CO,/kWhe =4.79 x 10'*kg CO,,
but would increase CO, from natural gas by
5.64 x 10" kWh x 0.393 kg CO,/kWhe*) = 2.22 x 10'* kg CO,, for a net decrease of 2.57 x
10" kg CO,.
World production of CO, from fossil fuel burning was 23.6 x 10'* kg
Therefore:
= replacing all but 2.5% of coal burning with natural gas would reduce atmospheric CO,
emissions by 2.57/23.6 = 11%
= Replacing that amount of coal with nuclear power would reduce atmospheric CO, emissions
by 5.12/23.6 = 21.6%
THIS ASSUMES THAT ALL OF THE ANTHROGENIC CO, COMES FROM FOSSIL FUEL

BURNING!

New gas pipelines have leakage rates of 0.1%, while older pipes can have leakage rates of 2-5%.%

0.1% of 5.64 x 10" kWhe x (1 kWth/0.58 kWhe) x (1 toe /11.7 x 10° kWth) x (1.23 toe/ 1tonne
gas) = 1.022 x 10° tonnes methane leakage x 21 GWP methane/GWP CO,)

= 21.5 x 10° tonnes of CO, equivalent leaked each year

(21.5 x 10° kg of CO, equivalent from)/ (net decrease of 2.57 x 10> kg CO, from switching from
coal to gas) = 0.8%

Assuming the worst leakage rates of 5% would give (5/0.1)*0.8 = 40% which means that almost
half of the decrease in global warming potential from the lower CO, emissions from burning gas
would be wiped out by methane leakage.

Since new gas usage would involve installing new pipes rather than leaky ones, the proper figure
is closer to 1%.

ENZ The following data are taken from World CO, Emissions from the Consumption

and Flaring of Fossil Fuels, 1991-2000%

CO2 emission from fossil fuels (million tonnes C equivalent)
1991 1995 2000
France 107.8 100.7 109.44
Japan 280 298 314
United Kingdom 166.3 152.6 147.8
United States 1343 1653 1832

Of these four countries only the UK experienced a decrease in CO2 emissions, and that was by
8%. That the reason for the decrease was an increase in nuclear power generation is only
speculation at best, in that between 1995 and 2000 the UK’s nuclear energy consumption actually
decreased, but their CO, production decreased as well.

UK Electricity production (in million tonnes of oil equivalent®

1991

1995

2000

16.0

20.1

19.e
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Introduction:

Dye-sensitised photovoltaics offer the promise of providing solar power at the same

efficiency as current thin-film silicon devices but at a fraction of the cost. Like

conventional silicon cells, they absorb sunlight and convert it into electricity. But the

details of how the process actually proceeds are quite different. I propose in this paper to

= review briefly how silicon photovoltaics work

= draw parallels between conventional and dye-sensitised photovoltaics

= consider some of the challenges remaining for the commercialisation of dye-
sensitised cells, and

= suggest where future developments lie.

I’ve also included as an appendix a “primer” on the fundamental principles underlying
the absorption of light by matter to help clarify the operation of both silicon and dye
sensitised photovoltaic cells.



Electricity Production in a Silicon Photovoltaic Cell

Direction of
electron flow

To make a silicon photovoltaic cell we form = e
a junction from two pieces of silicon, each
“doped” with a different kind of impurity

atom. Incident
When the two pieces are put together, Photan
electrons the n-type silicon migrate to the p-

type of silicon and establish an electric field
across the junction.

Now, when a photon strikes the silicon the
liberated electron can be physically swept

away from the “hole”, travel through an

external circuit, and rejoin the hole at the

other end of the circuit. Thus we have a v
continuous way of converting light energy to
electrical energy that can be delivered to an
external load.

<
-

FIGURE 1. Operation of an ordinary silicon photovoltaic
cell. A pn-junction has an electric field

In essence there are five basic steps across it. When a photon excites an electron into
: H silicon’s conduction band the electric field sweeps
to the Sl oy of a silicon the electron away from the hole so that the

photovoltaic cell:

= A sufficiently energetic photon is absorbed by an electron

* The electron is promoted into the conduction band of silicon semiconductor
= The energetic electron is swept away from the “hole” it leaves behind

= The electron “dumps” its energy into an external load

= The electron recombines with the hole, ready to begin the cycle again.

The production of silicon photovoltaics is a mature field, but the manufacturing process is
both expensive and energy-intensive. People have searched for alternative methods of
producing electricity from light. Dye sensitisation is one method that has promise to
avoid both the expense and embodied energy of silicon photovoltaics.

Electricity Production in a Dye Sensitised Photovoltaic Cell

Dye sensitisation has roots in photography, when it was first used in 1873 to sensitise
silver halide particles'. The first observation of using dyes to inject excited electrons into
the conduction band of a semiconductor was in the 1960’s, but it wasn’t until 1988 that
Michael Gritzel put together a cell using nanoporous titanium dioxide with a ruthenium-
based dye?.
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In order to make a dye sensitised photovoltaic cell:

= A transparent glass conducting support has spread across it a thin (10 pum) film made
up of Titanium Dioxide (TiO,) particles 10-30 nm in diameter.

= Adsorbed onto these TiO, particles is a monolayer of dye particles.

=  The pores of the TiO, are filled with a liquid electrolyte containing a mixture of I' and
I* ions.

= A thin film of conductor/catalyst (typically platinum) is deposited on another piece of
conducting glass to form a transparent counter electrode.

Liguid electrolyte
- TiOy particlas
(10-30 nm)
il
> Adsorbed
hy ~ - —
Direction dya moleculas
of electron
e «}- Transparent
courtter electrode (TCO)

L b L

Figure 2. Schematic representation of a Dye Sensitised photovoltaic cel®

The electrical operation of the cell is shown below:

TCO layer  TiO, dye electrolyte TCO layer

with Pt
e @&

R e e b B LR B

voltage under
load

!l load Ll

electrical veork

Figure 3. Energy level diagram for a Dye Sensitised photovoltaic cell.*
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As shown in the figure 3, the steps are:

= Light passes through the glass surface and is absorbed by the dye, exciting a dye
electron to a higher molecular orbital within the dye.

= The electron is then injected into the conduction band of the TiO,, where it travels
from particle to particle until it reaches the Transparent Conducting Oxide (TCO)
layer on the glass.

* From there it travels around the circuit, through the load and to the TCO platinum
covered counter-electrode.

= At the counter-electrode electrons reduce I*" ions to I. The I" ions diffuse across the
cell and are oxidised by the dye, which regenerates the I* ions and neutral dye
molecules and brings the system back to its starting configuration.

The reactions are detailed below

]
Anode:  S+hvoS§ Absorption
Figure 4. S
Summary of
] -fmn o 0 gn
ﬁgzc";?jn’:"’a' § 8 +(T0)  Electron ijecton
occurring in a
dye-sensitised "
photovoltaic A0t - . ;
i 043 =25+ Regeneration
for a dye
molecule and \
hv represents Cathode: [ +2¢"(Pr) =3
a photon of
incoming

. 5
liaht. Cl: (P +h=¢(TI0)

Elements in the Operation of a Dye-Sensitised Photovoltaic Cell

Absorption of the photon
In ordinary photovoltaics the electron promoted into the semiconductor’s conduction

band comes from the valence band of the semiconductor. This requires that the
semiconductor have a small band gap so that most of the incident photons can be

absorbed.
By contrast, in a dye-sensitised cell you use a semiconductor with a LARGE band

gap. The normal semiconductor used, titanium dioxide, has a band gap of 3.1 eV and an

absorption edge in the near ultraviolet so that it is transparent to photons of visible light.
The absorption of photon is accomplished by the dye; the electron is excited within the
dye molecule, and THEN injected into the conduction band of the semiconductor.
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The Dye
The choice of dye is critical to the success of a dye-sensitised cell. Ideally one would

like a dye that:

Adsorbs as a uniform monolayer to the semiconductor

Is stable through the billions of electronic transitions you expect it to experience over
the 20-year lifetime of a photovoltaic cell

Is stable throughout the temperatures and pressures encountered in the manufacturing
process.

Remains stable over the entire expected temperature range of operation of your
photovoltaic cell

Is efficient in absorbing photons throughout the entire visible part of the spectrum
and into the near infrared part as well

Has its lowest excited energy level sufficiently high above that of the
semiconductor’s conduction band to ensure efficient injection into the conduction
band, but not so high above that the energy is wasted, nor so low that the “driving
force” for injection is small.

The choice of dyes has evolved over the roughly ten-year-history of dye sensitised cells.
The original dyes were based on porphorin-like structures as found in chlorophyll.
Present dyes are based on ruthenium complexes, as shown below:
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Figure 5: Evolution in the development of dyes used in dye-sensitised photovoltaics6

Each modification of the dye molecule has improved the absorption characteristics of the
dyes. The present preferred dye (#7 above) can absorb photons throughout the visible
range and up to about 920 nm. (Refer to figure 6). Such cells have been fabricated in the
lab and produce electrical power with an efficiency of up to 10.4%".
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Figure 6. Absorption spectra of the various dyes that have been used for dye sensitised
photovoltaic cells.”

Fabrication of the semiconductor

For conventional photovoltaics the semiconductor is either grown in crystals of incredible
purity or laid down from the vapour phase as thin films. These are expensive and energy
intensive processes,

In contrast, most dye sensitised cells use extremely small particles of titanium
dioxide (10-30 nm). These are cheap, commercially available, and non-toxic (they are
used in health-care products)*. They are usually spread out or “screen printed” as part of
an extremely thin colloidal paste (approximately 10 um thick) onto a piece of glass that
has previously had deposited upon it a fluorine-doped tin oxide layer (usually written as
SnO,:F, and called a TCO for Transparent Conducting Oxide).

The glass is then sintered at 450°C which drives away the suspending medium leaving
only the TiO, particles behind.
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An electron micrograph of the TiO, layer after sintering is shown below:

e

. 8 . IFESEM images of TiO, coated glass slides. a) side view, 30ekV, iridium coated, b) top view,
Figure 7. I5keV, iridium coated, ¢) top view, 2.0keV, uncoated.

The outstanding feature of this TiO, layer is that the particles form a single electrically
interconnected mass of semiconductor with a total surface area thousands of times greater
than that of the glass upon which it is spread*. This is important

because

= A single layer of dye
can only absorb about
1% of the incident light’,
and

» A dye molecule must be
directly attached to the
TiO, surface in order to
inject an excited electron
into the TiO,’s
conduction band'.

Figure 8. Adsorption of the
Ruthenium-based “black

dye” to the TiO, surface.!

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003 7



The nanoporous structure of the TiO, layer allows many opportunities for an incident
photon to be captured by a dye molecule, and a large surface area for those dye molecules
to attach.

The Counter Electrode
After travelling through the circuit the electrons return to the dye cell through another

transparent counter electrode consisting of another piece of glass with a conducting oxide
coating and a thin (60 nm thick’) layer of platinum deposited onto it by an electron beam
apparatus.

The Redox Shuttle

In a conventional semiconductors the excited electron can be thought of as travelling
through the external circuit and eventually filling the original hole it left behind. In a dye
sensitised cell, once an electron has been removed from the dye and injected in the
semiconductor, there needs to be a way to neutralise the now positively-charged dye
molecule left behind.

Referring back to figure 2 we can see that the dye molecules are on the opposite side of
the cell from where the electrons return to the cell. Because of this the cell designers
include a “redox shuttle” which carries the returning electrons back across the cell to the
dye molecules. Although many others shuttles have been tried, the standard redox shuttle
involves the I'/ I, pair of ions which can travel in a liquid electrolyte. An I; ion can pick
up two electrons at the cell anode to give 3 I ions:

L+ 2e =3I

These I- ions can travel across the cell through the electrolyte to the dye molecules and
deliver the electrons back to the dye, regenerating the dye and the I, ions:

3I' + 2Dye" = 2Dye + 1,

This last step completes the cycle.

Engineering and Design Challenges for Dye Sensitised Cells

Although simple dye-sensitised cells with efficiencies of around 0.5-1% can be routinely
prepared by high school students'’, the commercial success of dye sensitised cells
depends on optimisation of a huge number of variables. I will mention some of them
below:

Dyes:
The “black dye” (see figure 8) has the broadest spectral absorption of all dyes tried so far.
From figure 6 one can observe the gradual evolution of the dye as various chemical
moieties and appended functional groups are tried out. Over 900 dyes have synthesized
and tested specifically for dye cell applications, but very few have performed
satisfactorily®.

The dyes have several carboxylic acid groups. Using the salts of the dyes rather
than the dyes themselves increases their solubility®.
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Semiconductors:

Although titanium dioxide is the preferred semiconductor to date, it can have a different
crystal structure(“rutile” or “anatase”) depending on the conditions under which it is
prepared’. Optimisation can include trying different proportions of the various crystal
structure or mixes of TiO, with other metal oxides.

The sintering process/Backing Materials

The present production process requires sintering of the TiO, paste at high temperatures
(450-500°C). The only transparent conducting oxide (TCO) electrode that can
withstand these temperatures is fluorine-doped SnO, on a glass surface.

One American company claims to have developed a “cold sintering” process
which works at 150°C"". This would allow using different TCOs, such as Indium Tin
Oxide (In,0,:Sn), and deposition onto plastic films rather than onto glass.

Another process uses a spray deposition technique to deposit a mixture of a
titanium compound and an aluminium compound onto the conduction glass surface.
Upon heating to 500°C the aluminium compound sublimes and leaves behind a porous
TiO, film, although the crystals left behind are on the order of 100 nm across rather than
the usual 10-30 nm'%.

Electrolyte/Solvent/Redox shuttle/Cell Sealing

The solvent of choice for dye sensitised cells has been acetonitrile or proprionitrile.
Although these seem to have ideal properties as far as dissolving the dye and I'/ I, pair
are concerned, their boiling point is low enough that the stability and sealing of the cells
can become a concern at temperatures above 65°C*. One way of addressing this concern
is to encapsulate the electrolyte in a gel rather than using a liquid. Another approach is to
employ solid-state hetero-junction devices that still contain solid semiconductors and use
a dye to inject energetic electrons into the titanium dioxide, but employ an organic p-type
semiconductor’ or use a conventional p-type semiconductor'’ (such as Cul) to transport
holes. None of these cells has yet approached the efficiency of a “standard” liquid-
electrolyte dye sensitised

CeulZ, 13,14.

The standard way of producing I/ I;” pairs has been to use an iodide salt and
iodine in solution. Many Iodide salts have been tried: Lil, Nal, KI, NH,I, (CH,),NI,
(C,H,),NI and (C,H,),NI. It has been observed that the largest photocurrents are
obtained with the smallest cation. But researchers have noticed that the addition of small
amount of an iodide salt with a small cation to a solution that is overwhelmingly made up
of a large-cation iodide salt can cause a hundred-fold increase in the current production of
a cell.? %

Experiments have also been done with other redox shuttles rather than the I'/ I,
pair. This particular pair has two major deficiencies:
= I, absorbs strongly in the wavelength region below 500 nm, and
= The redox potential of the I, ion is about 0.5 V more negative than that of the ground

state of the dye. Since the typical open circuit voltage of a dye sensitised cell is also
around 0.5 volts the efficiency of the cell could be close to doubled if there was a
better match between the energy levels of the redox shuttle and the dye®.
But other redox shuttles that were tried (Br/ Br;. thiocyanate, ferrocene) that
theoretically had better thermodynamic energy matches failed to produce anywhere near
the same currents and the I/ I, pair does®.
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Counterelectode
Typically the counterelectrode is made up of a thin layer of platinum (~60 nm) deposited
onto a conducting glass surface. Researches have had some success with instead
depositing onto the glass a porous carbon counter-electrode as

a catalyst layer. This carbon electrode is made from a mixture of carbon black,

graphite powder and nanocrystalline TiO, particles and has been claimed to be as

catalytically active as the platinum layer."

Other miscellaneous details
The making of dye-sensitised photovoltaic cells is still involves much art as well as
science. Various washing steps with various solutions or solvents, or small amounts of
additives in just the right percentages can have a large effect on the overall efficiency and

lifetime of a cell.

Advantages of Dye-Sensitised Photovoltaics Over Silicon PV

There are several advantages of dye-sensitised cells over ordinary silicon photovoltaics'®:
They have a low production cost
There is no need for highly skilled labour for assembly

A relatively low capital investment is required to build a production plant

The materials are relatively inexpensive

The panels have a very low embodied energy (32 kWh/m? vs., over 1000 kWh/m? for
crystalline silicon PV"")
The production methods are not environmentally unfriendly, and

They have an efficiency equivalent to present thin-film silicon devices.

In addition, unlike silicon photovoltaics, the performance of dye cells improves as the
temperature increases, and their power output is less sensitive to the angle of the
incoming light than it is for silicon photovoltaics:
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Figure 9. Comparing the relative effects of temperature and angle of incident light on the
power output or dye-sensitised and silicon photovoltaic cells1
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The Future of Dye-Sensitised Photovoltaics

I will mention three companies that are moving toward commercial production of dye-

sensitised photovoltaic cells:

= Sustainable Technologies of Australia is about to produce dye-sensitised photovoltaic
panels that can be manufactured cheaply and used as building elements in place of
ordinary glass windows'®.

* Konarka Technologies Inc. in the US plans to produce small DSPV cells constructed
on a plastic substrate for use in wireless electronic devices by early 2004"".

* Hydrogen Solar Production Company Ltd. is developing a “Tandem Cell™” that
combines two photovoltaic cells—a wide band gap tungsten trioxide (WO,)
semiconductor photovoltaic cell that absorbs in the 300-500 nm range on top of a
conventional dye-sensitised cell that absorbs in the 400 -900 nm range—and
connects these two cells in series to produce a more efficient, higher voltage cell than
either would be on its own. They hope to use their Tandem Cell to produce hydrogen
directly from water using solar energy.'®

Current research aims at improving the stability and absorption spectrum of the dyes,
finding alternative redox shuttles, finding low-temperature production techniques that
allow the use of plastic rather than glass backing plates, optimising the many variables in
construction of the cells, moving from “batch” to a continuous mode of cell production
and to using gels or solids to replace the present liquid electrolyte.

Recent technical developments have led to cells that should have a stable working
lifetime of 20 years under ordinary solar conditions.

Dye sensitised photovoltaic cells are becoming a mature technology.

Michael Gritzel, inventor of the dye sensitised cell notes that
“ further improvements in efficiency are not likely to be the consequence
of any radical breakthrough, but rather of careful incremental evolution,
addressing each component of the cell, dye, substrate, semiconductor,

electrolyte and catalysis of counter-electrode *.”

Dye sensitised photovoltaics hold great promise for the present and could be the
photovoltaic cell of choice for many future applications.
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APPENDIX: Interaction of light with matter—a primer

Light absorption by atoms

Suppose that a photon of light strikes an electron in an atom.

If the energy of the photon “matches” the energy gap between energy levels within the
atom, the photon is absorbed and the electron will be excited to a higher energy level. If
the atom is an isolated one (such as in a gas) the electron can de-excite and emit a photon

with the same energy as the one it absorbed.

......... 1

el Jreeet,,
.........

incident photon  LFeud

Incident
photon
ﬁ

OR

Energy

......
....
....................

FIGURE A1. An outer electron in an atom is excited to a higher energy level by absorption
of a photon.

Light absorption by molecules

When atoms join to form a molecule only their outer (valence) electrons participate in
forming bonds. The atoms' outer energy levels split and “interfere” to make new
molecular energy levels (molecular orbitals). An electron in an occupied “bonding”
molecular orbital can absorb a photon and be excited to an anti-bonding molecular
orbital. When the electron de-excites the energy can be re-emitted as a photon or
transferred to vibrational or rotational energy within the molecule.

MOLECULAR ORBITALS
Anti-BONDING ORBITAL
An Outer
Qtn Oyter O— < Atomic
Omlc - ——A == 3 '.'.. ‘.'. . _.menergy Ievel
Energy level b @-O- 4
BONDING ORBITAL
t-z.-,:.m (= -,.; ;. ==

Single atom energy levels

Single atom energy levels

FIGURE A2. When atoms bond to form a molecule their outermost energy levels
combine to form shared molecular energy levels (molecular orbitals).
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Light Absorption by Solids

When billions of atoms combine to form a solid, the outermost energy levels split to form

billions of shared energy levels that are so closely spaced energy-wise that they form two

continuous bands of energy levels. Depending on the number of outer electrons each

atom had and the spacing between the energy levels the resulting solid will have one of

three possible electrical configurations:

= a CONDUCTOR, in which electrons at the top of the occupied band of energy levels
(the valence band) have enough thermal energy to move into the vacant band of
energy levels (the conduction band) and travel freely throughout the solid;

= an INSULATOR, in which electrons at the top of the occupied band will never have
enough thermal energy to moving into the vacant band of energy levels (the
conduction band) and thus are bound tightly within the solid; or

= a SEMICONDUCTOR, in which a very small fraction of the electrons at the top of
the occupied band of energy levels (the valence band) have enough thermal energy to
move into the vacant band of energy levels (the conduction band). Thus a
semiconductor will yield very small currents when an electric field is applied to
across it.

Insulators and semiconductors will only absorb light whose photons have enough energy
to excite an electron across the band gap. For insulators, the required photon energy is
far above the visible region of the spectrum, whereas for insulators it can range from the
upper infrared region to the upper end of the visible spectrum.

Vacant band
of energy levels

Large Vacant band

Band Gap of energy levels
Vacant band Small Band Gap
of energy levels =

- —
Occupied band Occupied band Occupied band
of energy levels of energy levels of energy levels
CONDUCTOR INSULATOR SEMICONDUCTOR

FIGURE 3. When atoms bond to form solids their outermost energy levels combine to form
bands of shared energy levels. The number of shared electrons and the energy spacing of
the bands (the BAND GAP) determines the electrical properties of the resulting solid
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Light Absorption by Silicon

Band gaps and photon energies are

usually measured in units of

“electron volts”. Since the band gap

in silicon is about 1.1 eV (electron

volts) and a photon of visible light  |cident
has between 1.8 to 3.1 electron volts Photon

a photon of visible light (or even

infrared light) has more than enough \Q
energy to promote an electron into

Vacant band
of energy levels
(CONDUCTION BAND)

1.1 eV Band Gap

Vi

Occupied band of
energy levels

@ u——@

the conduction band of silicon. (VALENCE BAND)
Since in the absence of any external FIGURE A4. When an electron in the valence band
applied electric field, the “freed” fr:‘silicog att{sortt;s adptlwotop it ibs t;)_(c:jted to

= € conaucton band, leaving benhind a
electroq will S tay put and eventually positively charged "hole” in the valence
recombine with hole. band.

Using silicon to make photovoltaic cells

(This bit is repeated near the beginning of the paper) Direction of electron flow
To make a silicon photovoltaic cell we form

a junction from two pieces of silicon, each
“doped” with a different kind of impurity

atom.

When the two pieces are put together, Incident
electrons the n-type silicon migrate to the pPhoton
type of silicon and establish an electric field
across the junction.

Now, when a photon strikes the silicon the
liberated electron can be physically swept
away from the “hole”, travel through an
external circuit, and rejoin the hole at the
other end of the circuit. Thus we have a
way of converting light energy to electrical
energy that can be delivered to an external
load.

A 4

v

<
-

FIGURE A5. A pn-junction has an electric field
across it. When a photon excites an electron into
silicon’s conduction band the electric field sweeps
the electron away from the hole so that the
electron can deliver enerav to an external load.
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Dye Sensitized Photovoltaics

by Philtip Wolf

Light absorption by atoms

* A photon of light “strikes” an electron in an atom

* If the energy of the photon ‘‘matches” the energy gap
between energy levels, the photon is absorbed and the
electron ‘‘rises” to a higher energy level
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If billions of atoms combine together to
form asold . ..

* The new combined energy levels are 50 close together energy-wise that
they form a BAND of enargy levels

*  Depending on the size of the encigy spacing between the occupied and
emply energy levels, you get different kinds of materials
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The Plan

» Energy Levels in Atoms, Molecules, and Solids

» Use of semi-conductors to make silicon-based
photovoltaics

* How dye-sensitized photovoltaics approach the same
process in a different way

* Promise and limitations of dye-sensitized
photovoltaics
* Questions?

Energy levels in molecules

+ If atoms join to form a molecule ther outer energy
levels split and “interfere” to make new levels

MOLECULAR ORBITALS
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The energy band gap is the energy
difference between the top of the occupied
energy level and the bottom of the
unoccupied level

The band gap is usually measured in

“electron volts™ le:l basd of energy
* A photon of visible light has between
1.8 t0 3.1 electron volts e

-

For silicon, a photon of visible light

(ot even infrared light) has more than | Ocovpied baad of
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SO: Why don’t we make solar cells out

of pure silicon?
An incident photon is absorbed
by an electron

* The electron jumps into the Vacanl band of orergy
vacant band of energy levels lovels
(the CONDUCTION BAND) L '
+ A “positively charged hole” is —_——
left in the previously wholly 53
occupied energy band “'4,‘
- THE PROBLEM--There is
nothing to keep the electron L]
from falling back into the
hole! (so, you can't get any Oceopied band of
energy out of it) SaOTRY lovols

To Recap:

[1] A sufficiently energetic photon is absorbed by an
electron
8 (3 The electron is promoted into the conduction band of
silicon semiconductor
@ The energetic electron is swept away from the “hole”
it leaves behind

[4] The electron “dumps” its energy into an external load

[5] The electron recombines with the hole, ready to begin
the cycle again.

How a Dye-Sensitised Photovoltaic cell is constructed
"'— Liquid elactrolyle
=5 TiOy particisy
(10-30 nm)
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Adsorbed
dye molacuies

et~ Tranaparent
ocaunter slectrode (TCO)

We dope the silicon with impurity atoms to
create an electric field within the silicon

*  Whena pr-junction is made
some electrons from the n-type
silicon move into the p-type
sitican

tnm-?um fow
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* Now when an electran absorbs a -
photon it can be physically swept 4
away from the ‘“hole”, travel
through an external circuit, and |
1ejoin the hole at the other end of
the circuit

THIS ALLOW US TO GET ENERGY
OUT OF THE “EXCITED” ELECTRON

So, if silicon is so great why aren’t
we all using 1t?

* Pure sificon is expen$ive and requires a lot of
energy to produce.

* It would be nice if we could produce a
photovoltaic cell that does what a stlicon cell
does, but that is a lot cheaper to build

[\



~EAAEEEEEEA SRt

~—

How a Dye-Sensitised Photovoltaic cell is constructed
<[} Liguid slectrolyts

%*mm
{10-30 nm)

N/

b

Adsorbed
dya molacuies

‘h'nutl slectode (TCO)

A molecule of “black™ dye

Dyes that have been used for dyc sensitised photovoltaic cells
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Absorption spectra of various dyes
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What makes these cells special?

= They have a low production cost

* There is no need for highly skilled labour for assembly

= A relatively low capital investment is required to build a
production plant

= The materials are relatively inexpensive

= The panels have a very low embodied energy (32 kWh/n?
vs. over 1000 kWh/m? for crystalline silicon PV)

® The production methods are not environmentally unfriendly,

= They have an efficiency equivalent to present thin-film
silicon devices.
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Issues in developing Dye sensitized

Photovoltaics
* Choice of semiconductor
¢ Choice of dye

¢ Choice of solvent
¢ Choice of electrolyte
* Choice of counter-¢lectrode material

T

To learmn more. . .

* Moswkal, Ravi. Moleculss for Converting Sunlight ingto Electricity:
DyeSensitized Nanocrystalline-TiO, based Photovoltaics. Resonance,
October, 2001.

Wy i e

* Janne Hulne. Dy witized {and organic photovoltse
collx technical review and preliminary tosts. Master’s Theats for Helmnki
u ty of Technology, Deg of g Phiymcs and
Mathematics, Feb, 2002 i fo L s A =S mhien o)

* Michae] Griitzel and Augustin McEvoy. Swiss Federal of Energy
Anrusal Report 2001 : Dye Sensisised nanocrysialline solar
cells, .\ ]
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4 December, 2002
Dear Sir or Madam:

Attached please find preliminary proposals for a solar roof for a proposed aviary. The

specifications were that the aviary should

= Have a large flight cage area consistent in design with those you already have at the
park.

= Have attached to the flight cage area a 3m x 15 m building roofed with solar panels.

= Serve as a public education tool and demonstrate your commitment to renewable
energy.

What has been left unspecified is

= Power generation goals (maximum power output per £, maximum power output
period, largest visual impact per square meter?)

= Budget and priorities (i.e., how the solar roof fits in with the other financial demands
in the park).

As such I have proposed four alternate possibilities—two possible roof slopes, with two
alternate technologies for each roof.

In the economic analysis of the project I have included the effects of

= The current British government plan which may pay up to 50-65% of the cost of a
solar roof and the associated electronics and installation, depending on the roof’s size
and technology choices, and

“=  The current German government plan.

I hope that these scenarios prove helpful in assisting you in your decision about the roof.
I cannot overemphasise that the prices quoted are estimates rather than firm figures.

The actual price will depend on the technology you choose, the market price and
availability at the time, and the availability of government financial incentives. It
probably would be wise from the outset to involve your development expert in
identifying and targeting potential donors and establishing possible naming opportunities.

In keeping with your request that this report be brief I have made a conscious effort to
present only results while leaving detailed calculations and graphs to a minimum. Of
course, I would be only too happy to make these available upon request

Please let me know if I can be of any further service.

Kind Regards,

oA

Phillip R. Wolf (p.r.wolf@reading.ad\.)k)
MSc student, Renewable Energy and the Environment
University of Reading, School of Construction Management and Engineering
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GENERAL LAYOUT OF THE BUILDING

Consistent with the other flight cages in the park, my proposed design includes a small
brick wall about 1/2 meter tall along the periphery of the cages, with the cages
themselves about 3 meters tall and coming out 4 meters from the solid part of the
building.

From where the cages abut the building I have come up with two different designs.

In the first design the solar G ;
roof faces a visitor viewing FEA G ' g
the birds in the aviary. The b
peak of the roof is rather high &
(about 7 meters) and presents :
a strong visual impact to
visitors standing in front of
the aviary.

In the second design the solar
roof is on the opposite side of
the building from where a
visitor would stand to view g oy o e
the birds. The peak of the I s
roof is closer to the ground

(so the building does not
have to be built quite so tall)
but the solar panels are only
evident to a visitor standing
behind the aviary.

In both cases I have oriented the building with its long axis along an East-West line and
the roof of the building facing south (although you will see the system power output is
not particularly sensitive to having it orientation rotated by 20 or 30° away from East-
West),

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003



TERMS AND DEFINITIONS

Photovoltaic (PV) Cell or Solar Cell: a “piece” of PV that produces an electrical current
and voltage when light hits it.

PV Module or Solar Panel: a series of solar cells connected into a single manufactured
unit to produce higher currents and voltages than an individual solar cell can
produce, and to give mechanical stability to the system.

String of Modules connected in series: Modules connected to add their voltages together

Strings of modules connected in parallel: Strings of modules connected together to add
their current and power output together

PV Array: The assemblage of PV modules connected together (as on a roof) to form a
larger power-producing unit.

Inverter: adevice that takes the PV array’s direct current (“battery-like”) electrical
output (which can vary depending on the amount of light hitting it) and converts it
to 230 Volt 50 Hertz alternating current (what you normally get out of the wall
socket). The device has electronics to maximise the power output of the PV
modules even as the light intensity and temperatures change. This is absolutely
necessary for a grid-connected PV system as is being proposed.

Watt-peak rating: Power the solar module would put produce if it were facing the sun at
noon on a sunny clear day in June in, say, Greece. Because this is not Greece and
it is not always noon and the sky is not always clear, the effective intensity of the
sunlight on the solar panel might be only '/, of the “watt-peak rating” and you
may get only '/, of the power from the panel. So, a 110 Watt-peak solar panel
will very rarely produce 110 Watts in the UK.

Monocrystalline PV: Photovoltaic panels where the individual solar cells are each sliced
from a single crystal of silicon. These generally provide the most power output of
any PV type but also are the most expensive.

Amorphous thin-film PV: Photovoltaic panels where the individual solar cells are
deposited as successive thin layers of silicon atoms. This is a less costly process
than making monocrystalline PV, but the resulting cells are correspondingly less
efficient. The PV SYST program (describe more on the next page) assigns
essentially the same price per watt for both types of PV.
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SYSTEM DESIGN

There is a computer program called PV SYST that assists in choosing and matching

components for a PV installation.

1. Roof slope and building orientation: PV SYST determined that the roof orientation
Jfor maximum power output per square meter of surface is 30°, tilted facing south,
with the building oriented along an east-west line. The roof does NOT strictly have
to be oriented like this. Below are the power penalties you pay relative to the
optimum power output per square meter if you choose some other orientation for the
roof or building:

South-facing Power reduction Building rotation | Approximate Power
roof slope from optimum level | away from East - Reduction from
West axis optimum level
0° (horizontal -10 % 0 0%
roof)
5 712 % 10° -0.2 %
10° -4.8 % 20° -0.9 %
15° 2.9 % 30° -2%
20° -1.4 % 40° -3.5%
25° -0.5 % 50° -5.4%
30° (Maximum 0 % 60° 7.4 %
power output
per m®)
35° -0.1 %
40° -0.6 %
45° -1.7 %
50° 3.2 %
55° -5.2 %
60° -7.7 %
70° -13. 9%
80° -21. 9%
90° -30.8 % =

It is useful to note that output is not particularly sensitive to deviations from the
“optimum” orientation. Two of the proposed scenarios involve a roofs tilted at 55°
rather than 30°, which gives a 5.2% reduction in power per square meter of roof, but
about 50% more roof area.

That the output is not particularly sensitive to roof orientation has to do with the
diffuse nature of sunlight in the UK. Because of England’s frequently moisture-laden
skies, much of the sunlight that reaches the PV is scattered by clouds in all directions
before reaching the ground, so the actual amount of sunlight hitting the PV is close to
being the same over quite a range of angles.

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003 4



It is possible to optimise the angle of the PV modules to maximise output for a

particular time of year. For instance, one can produce a bit more power in the winter

by making the roof angle steeper (so that the incoming sunlight is hitting the PV more

“head-on”) but that slight increase in production in winter is more than wiped out by ;{Qp
corresponding decreases in efficiency in the summer (when the sun is higher in the sky A ;,IJ‘ v
and you are generating more power). L/ d{)‘f v ok
Since this is a grid-connected system it is probably best to optimise the total annual \0“51 ;,
output (which is what the above table is calculate for). Q“L‘P w7

. Estimating the electrical output in KkWh for monocrystalline and amorphous PV: ¢ “\”'{
Since the floor area to be covered is 3m x 1 Sm, the roof (being built at an angle with s

the horizontal) will be LARGER than 45 m®. As the roof gets steeper you can cover

it with a larger area of PV,

I have estimated the output using a roof sloped at 30° and at 55° for monocrystalline

and amorphous PV. The monocrystalline PV using incoming solar energy more

efficiently, but it is correspondingly more expensive.

Roof Approximate | Approximate Type of PV Estimated
angle Roof Area Active Area* Annual Output
30° 52 m* 48 m* Monocrystalline 5200 kWh
Amorphous 2240 kWh
55° 82 m’ 77 m* Monocrystalline 7400 kWh
Amorphous 3700 kWh
*The active area is that part of the PV module actual covered with photovoltaic material and
able to intercept sunlight \/

. How well the PV system will match electricity demand at the park:

Your largest electricity demand occurs in the winter, when the sunlight is the Jeast
intense, and the output from the roof would be the smallest. Your smallest electricity
demand is in the summer, when the roof’s electrical output would be the greatest.

Below is a table based on the electricity bills you have provided, comparing your
average daily use with the output from the LARGEST of the four proposed roofs.

Season Average Daily Electricity Average System Daily
Use System Output for the
LARGEST system
November to January 95 kWh/day 8 kWh/day
February - April 72 KWh/day 20 kWh/day
May-July 54 kWh/day 30 kWh/day
August-October 66 kWh/day (estimated) 24 kWh/day




™ SYSTEMS SUMMARY (Explanatory notes are on the next two pages):

Notes Scenario 1 Scenario 2 Scenario 3 Scenario 4
Roof siope 30° ] 55° 30° 55°
Building orientation East-west, south- East-west, south- East-west, East-west,
facing roof facing roof south-facing roof | south-facing roof
1 Module type Monocrystalline Monocrystalline Amorphous Amorphous
Specific Module Siemens Solar Siemens Solar Unisolar SSR-60 | Unisolar SSR-
M110 M110 120
2 “Watt-peak” rating of | 110 Watts 110 Watts 60 Watts 120 Watts
each panel
Individual Panel 1.321 x 0.660m" 1.321 x 0.660m* 2.896 x 0.406 5.479 x 0.4064
dimensions m? m?
Number of Panels in | 11 11 15 9
a "string” or series
Number of *strings 5 8 3 4
Total # solar panels | 55 88 45 36
3 Roof Watt peak 5.8 kilowatts 9.2 kilowatts 2.7 kilowatts 4.3 kilowatts
rating
4 Inverter type Fronius IG60 El (4.6 | Sunmaster QA Solarmax 2000 Sitop Solar
kW, 150400 V) 500 (3.5 kw, 100- | (1.8 kW, 90-450 | Master (1.5 kW,
380 V) V) 175-550 V)
Number of Inverters | 1 2 1 2
5 Projected Yearly 5200 kWh 7400 kWh 2240kWh 3700kWh
Power output
6 Estimated cost of £28200-36700 £44800-58200 £17800-23100 £29300-38100
the PV (including
wiring, inverters,
supports, etc)
7 Foregone cost of £5200 £5200 £5200 £5200
roofing g52 m? at
£100 m")
8 Estimated UK Gov't | £18300-23800 £29100-37800 £8900-11500 £14600-19000
contribution to the
cost of the PV
9 REAL additional £4700-7700 £10500-15200 £3700-6400 £9500-13900
cost borne by the
TRUST to install the
PV
10 Annual Value of £170 £220 £70 £110
Renewable
Obiligation Credits
(@ £30/MWh)
11 Annual savings on £340 £480 £145 £240
Electric Bills
(@ 6.5 p/kWh)
& Annual Savings by | £510 £700 £215 £350
co* - installing PV
s a(,& (#10+#11 above)
& 12 Payback time for PV | ~9-15 years ~15-22 years ~17-30 years ~27-40 years
G 3"' system
\{,\b ‘(‘.
>
WK
o
b
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NOTES for System Summary Table

1.

NG
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2
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Module type: Monocrystalline PV gives the highest output per unit area relative to
amorphous or “thin film” PV. Itis also correspondingly more expensive. Scenarios
3 and 4 give you the option of having visual impact of the PV without the larger
initial price tag.

Watt-peak Rating, panel dimensions, Number of panels in a string, number of strings
of modules, total number of solar panels: 1 chose modules of reasonable size and
power that could be combined to “fit” the proposed roof. These particular numbers
were chosen to cover the roof and to optimise the choice of inverter (see next)

Roof Watt-peak rating: How much power the roof would produce at noon on a sunny
summer day in Greece. Although you will virtually never get that output from the
roof in the UK, the UK government’s support scheme for PV is based on the Watt-
peak rating of the roof.

Inverter type and number: An inverter is most efficient when it is operating in the top
80% or so of its rated power range. So, although a string of eleven 110 watt-peak
panels could in theory produce 1.21 kilowatts in Greece, that will virtually never
happen in the UK. The watt rating of the inverter needs to be a bit “undersized” so
that even on a cloudy day in the UK you are still in the efficient range of the inverter.
The amount of power you lose from not being able to take advantage of those few
extremely sunny British days is much less than what you would lose if you chose a
larger inverter.

The second factor that goes into choosing an inverter is the voltage range in which
it operates. It must include both the highest possible voltages your PV modules might
produce, as well as the lower values that the PV will produce on a more typical
cloudy day.

The number of inverters was selected to make the power and voltage work out
right. v’

. Projected yearly power production: PV SYST takes the hourly solar incident power

values for London for the entire year 1991 and uses them to estimate the annual
output of the particular array of PV modules given the choice of inverters. v’

Cost of the PV system: PV SYST estimates the cost of a system (including inverters,
wiring, installation, etc.) based on general costs of PV. When you specify a particular
system it estimates the system costs using a different set of general values and comes
up with different numbers! I have included a 30% range in price to anticipate real
costs more reasonably.



NOTES for System Summary Table (continued)

7.

10.

11.

12

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003

Foregone cost of roofing: Since you would have had to put SOMETHING on the
roof anyway, the best way to look at the cost of installing PV is to ask: How much
ADDITONAL money is the PV costing over and above the price of installing a
conventional roof? 1 am assuming here that the normal roof would have been sloped
at 30°, consistent with the roof angle on most of the other similar buildings in the
park. I am assuming that roofing (and the associated structure) would be about 3.5 m
X 15 m and cost £100/m? and would therefore cost about £5200. The additional cost
of adding PV is the price of the PV minus the £5200 you would have had to spend for
a roof anyway.

Estimated UK Gov’t contribution to the cost of the PV: There is a UK government
scheme that reimburses individuals and charities part of the cost of installing grid-
connected PV. The funding covers the cost of the modules, inverters, installation,
connection, and warranty but not unrelated building works. Y ou must submit your
application BEFORE you start the work, and complete it within 6 months of getting
the plans approved.

As of this date the reimbursement rate is 50% of the cost for installations of less
than 5-kilowatt peak (the 3™ and 4® scenarios I proposed). The grant approval is
fairly automatic. The government will issue you a Grant Offer Letter before you
begin the work but will not actually give you any funds until the work is complete:o”

The government scheme will fund up to 65% of the cost for installations of
between 5 and 10 kilowatt peak (the 1% and 2™ scenarios 1 proposed). Here you can
receive up to 70% of the government contribution as a grant before the actual work
begins, and the balance after the work is completed and inspected. This grantis , ~
awarded through a competitive selection process.

The actual reimbursement comes out of a fixed pool of funds (£20 million) for the
2002-2003 year. Itis my interpretation that if the number of applications is very large
the reimbursement may be less than 50% (or none if the funds run out for this year).

The details of the grants are given at www.est.co.uk/solar/. \/

Real cost of the PV to the Trust: This assumes that you include the foregone cost of
roofing AND receive the maximum UK government contribution

Annual Value of Renewable Obligation Credits: Renewable Obligation Credits
(ROCs) are a government incentive to electricity suppliers to encourage them to buy
electricity generated from renewable resources. The current market price of ROCs is
around £30 per1000 kWh, which you can receive from your electricity supplier

Annual savings on Electric Bills: This is calculated assuming that the PV produces
the estimated annual output, and that you are paying 6.5 pence/kWh. el

Payback time for PV system: This is calculated by taking the “real cost” of the system
and dividing by the annual savings and revenue from the electricity generation and
the ROCs. This is an admittedly simple model for calculating payback time. If
you take into account the cost paying interest on a loan, the PV system may NEVER
pay back the initial financial costs. ndeck


www.est.co.uk/solar

Economic Summary under the German Government Support System

Under the Germans support system

= you would get a ten-year 1.9% interest loan with no payments for the first two years,

and

®= The government guarantees that you can sell the electricity you produce for €0.5
(£0.33) per kWh the first year, with the amount per kWh decreasing by 5% per year.
They guarantee this price for 20 years.

The table below summarises the economic results under the German program, looking at
the low and high estimates for the initial system cost:

Scenario 1 (30° | Scenario 2 Scenario 3 Scenario 4
slope, (55° slope, (30° slope, (55° slope,
monocrystalline monocrystalline amorphous PV) amorphous PV)
PV) PV)

System Cost | LOW |HIGH |LOW |HIGH |LOW |HIGH | LOW | HIGH

Estimate EST. |EST. |EST. |EST. |EST. |[EST. |[EST. |EST.
£28200 | £36700 | £44800 | £58200 | £17800 | £23100 | £29300 | £38100

Total —

payments £32000 | £41000 | £51000 | £60000 | £20000 | £26000 | £31000 | £43000

you'd make

over 10 years

Total money

, i £22000 | £22000 | £31000 | £31000 | £9500 £9500 | £16000 | £16000

you'd receive

for your

electricity over

20 years*

Amount you'd

be “in the £10000 | £19000 | £20000 | £29000 | £10500 | £16500 | £15000 | £25000

hole” after

twenty years

* This assumes that you are receiving the guaranteed minimum price for the electricity
you produce. It is quite possible that at the latter end of the 20-year period the price of
electricity would be higher than this minimum, and you’d receive more than what I
have estimated here.

Y




" Module and Roof Dimensions; Electrical Layout

Scenario 1: 30° slope, monocrystalline PV. Each module 1.326 m x 0.66 m.
Total roof dimensions approximately 15 m x 3.5 m

e

Tq dthe *___‘ Inverter —
gri

Scenario 2: 55° slope, monocrystalline PV.
Each module 1.326 m x 0.66 m.
Total roof dimensions approximately 15 m x 5.6 m

To the grid <€— Inverter
‘—

To the grid <*—— Inverter sy
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Scenario 3: 30° slope, amorphous thin-film PV.
Each module 2.896 m x 0.406 m.
Total roof dimensions approximately 15 mx4 m

(panels cover almost the entire width of the roof)

To the
grid

e
—

Inverter

Scenario 4: 55° slope, amorphous thin-film PV.

Each module 548 mx 0.41 m

Total roof dimensions approximately 16 m x 5.6 m

il
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Inverter
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grid
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) Effect of a shading object on array electrical output

Perspective of the PV.field and surrounding shading scene
I looked at the effect a 4
meter tall tree located 5
meter from the array would
have on the total electrical
output of the solar roof over
the year. PV SYST has a
modeling tool that lets one
do such analyses.

W soulh

The iso-shadings diagram at Iso-shadings diagram

right shows at what times of e
year and what times of day the — aremis atcenuatin fr aifse ;0699 -
solar roof would be shaded. It e

turns out that the tree would
only shade a very small part of
the roof, and then only in the
early morning and late
afternoon in winter when the
amount of sunlight striking the
roof is very little anyway.

The total effect of the shading

in this particular simulation

was to reduce the annual

output of the PV array by 7

kWh over the entire year, or

by about 0.1% of the total Y
annual output.

“ X
VY ok
\5@ ’rix..wx 5D
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REFERENCES:
For information on the British government PV Scheme

The Major Photovoltaic Demonstration Programme: Guidance Notes and Scheme

Conditions for Small Scale Photovoltaic Grant Applications. Department of Trade and
Industry. The Guide and Forms can be download from the web at
www.est.co.uk/solar/

The Major Photovoitaic Demonstration Programme.: Guidance Notes and Scheme

Conditions for Medium and Large Scale Photovoltaic Grant Applications. Department of
Trade and Industry. The Guide and Forms can be download from the web at
www.est.co.uk/solar/

For information on the German government PV Scheme

Sensational German Renewable Energy Law and its Innovative Tariff Principles. A
speech delivered to EUROSUN 2000 conference in Copenhagen, Denmark on
20" June 2000 by Preben Maegaard, Folkecenter for Renewable Energy, Denmark
and EUROSOLAR.
www.folkecenter.dk/en/articles/ EUROSUN2000-speech-PM.pdf

ALL SIMULATIONS WERE RUN USING PV-SYST version 3.2 \/

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003 13
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BIOMASS MODULE—STOVE PRACTICAL
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MSc course in Renewable Energy and the Environment, 2002-2003

Lab partners: Nikos Katsouvas, Julian Elsworth, Seyhan Turan
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Biomass Practical--Ethiopian Stove

The purposes of the practical are:

= to determine the efficiency of an
Ethiopian charcoal-fueled stove in a
simulated rice cooking exercise. We
define efficiency in terms of how much
of the total calorific value of the
charcoal burned goes into raising the
temperature of some water from roughly
20°C to its boiling point.

= To calculate the heat balance for the
stove. That is, to determine where the
heat from the burning charcoal goes.

= To determine the primary mode of heat ETHIOPIAN STOVE: The stove is made
transfer (convection or radiation) from of two truncated metal black-painted cones

welded together as shown. The upper “cone’

has a ceramic lining about 3.5 cm thick onto

. . which the charcoal is placed. A cooking pot is

= To suggest possible improvements to the suspended directly above the stove.

design of the stove.

the charcoal to the pot on the stove

Side view of the Ethiopian stove Top view of the Ethiopian

showing charcoal placement, primary air Stove
intake, and holes in the bottom of the
ceramic lining to allow entrance of the

primary air.

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003



General approach

Our model is that in order to cook rice, water has to be brought to a boil quickly and then kept at
a boil. We are simulating this by putting about 2 kg of cold water into a pot and allowing a total
of 30 minutes for the water to be brought to a boil and for simmering.

We monitor the stove’s performance by using several sensors connected to an Apple Ile
computer. The computer records data from the sensors every minute.

The computer records the following measurements:

CHANNEL 1 Ambient air Temperature (°C)

CHANNEL 2 Outside Stove Wall Temperature (°C)
CHANNEL 3 Inside Stove Wall Temperature (°C)
CHANNEL 4 Stove Bed Temperature (°C)

CHANNEL 5 Air temperature directly under the pot (°C)
CHANNEL 6 Temperature of the water in the pot (°C)
CHANNEL 7 Temperature of the pot lid (°C)

CHANNEL 8 Intake air temperature (°C)

CHANNEL 11 Weight of the Charcoal + Stove + platform (kg)

Procedure:

We measured the various dimensions of the stove, pot, and lid (see the next page for details).
We weighed the pot and lid and then added approximately 2 kg of water to the pot.

We weighed out approximately 400 grams of wood-derived charcoal into the stove, and ignited
the charcoal with a lit paraffin charcoal starter.

We suspended the pot such that the pot bottom was 1.5 cm above the top of the stove.

We had the computer commence making measurements.

After the 30-minute period was up we obtained a new 2 kg of cold water and somewhat refilled
the stove with charcoal. We re-suspended the pot in the same position as before and had the
computer take data for another 30 minutes.

MASS DATA FOR WATER, POT, AND LID

TRIAL 1 TRIAL 2

Mass pot with lid (kg) 0.895 0.895
Initial mass of pot with lid and water 2:897 2.897
(kg)

Mass of pot with lid and water after 30 2.297 2.534
minutes on the stove(kg)

Initial mass of water (kg) 2.002 2.002
Final Mass of water (kg) 1.402 1.639
Mass of water turned to steam (kg) 0.600 0.363

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003 3




DIMENSIONS FOR STOVE, POT, and LID

The data below are for the dimensions of the stove.

The lab handout states that the mass of the stove is 8 kg, and that its specific heat capacity is
0.835kJ/kgK

44— 315 >
Circum- e Ga
ference = LA
65.0 cm
8.0

'— _,!_

Saanat

— |
' 73cm{ ............................. STOVE—Interior
S AN Dimensions
Air
intake
STOVE
DIMENSIONS
24.0

G

. @: \Aﬂ £

17.5

POT LID DIMENSIONS R ==
POT DIMENSIONS
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THEORY: HEAT BALANCE IN THE EXPERIMENT

The source of energy in the experiment is the burning charcoal. All of the heat released from the
charcoal is considered to have been transferred into one of five basic “places”:
1. Energy radiated by
a. the stove sides,
b. the pot sides, and
c. the potlid.
2. Energy transferred by convection from
a. the stove sides,
b. the pot sides, and
c. the potlid.

3. Energy that goes into heating up
a. the water
b. the pot
c. the potlid
d. the stove
4. Energy that goes into vaporizing water
5. Energy that goes into the exhaust gases. —

The first four can be calculated from the lab data using the general methods described below.
The energy that goes into the exhaust gases can be considered to be all of the original energy
available in the charcoal that can NOT be accounted for by any of the other means.

CALCULATIONS SECTION:
1. NET ENERGY RADIATED BY A HOT SURFACE

In general the net power radiated from a hot surface (in watts) is given by

P=ecA (Thot4 o Tambient4)
where
€ is the emissivity of the surface
o is the Stefan constant (5.67E-08 W m2 K4
A is the area of the radiating surface, and
T, and T, ;... are the temperatures of the radiating object and its surroundings,
respectively, in Kelvin

In our particular case we have measured the temperature of various hot objects once every
minute over a thirty-minute period. The total energy radiated should be given by

H =P dt
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In practice the way we evaluate this integral is:

= Calculate the average value of P for any given time interval

= Multiply that average value by the time length of the interval (60 seconds, in this case), and
= Sum up the energies from the thirty one-minute intervals.

That is, H= (P, +P,)/2 At + (P, +P)/2 At + ... + (P, +P5,)/2 At
=[0.5P, + (P, + P, + ... + P ) + 0.5 P, ]* At

2. NET ENERGY TRANSFERRED FROM A HOT SURFACE BY CONVECTION
In general the net power lost to convection from a hot surface (in watts) is given by

P=hA (Thot i Tambient)
where
h is the heat transfer coefficient (taken to be 8 W m™? K™)
A is the area of the radiating surface, and
Tyoe and Tien: are the temperatures of the hot object and its surroundings,
respectively, in Kelvin

The method of calculating the total heat transferred from a surface by convection is entirely
analogous to the one for radiation above, except that the expression for each P is different.

3. HEAT ENERGY “SPENT” IN WARMING UP AN OBJECT
The energy required to raise the temperature of an object of mass m by an amount AT is given
by;
H=mc, AT
where ¢, is the specific heat capacity of the material

4. HEAT ENERGY “SPENT” IN TURNING WATER TO STEAM
The energy required to convert a mass m of water at its boiling point to steam is given by
H=mL,
where L, is the latent heat of vaporization of the water (2260 KJ/kg)
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Details of calculations (for radiation and convection the integrations are carried out on the spreadsheet):
CALORIFIC INPUT FROM THE CHARCOAL:

The energy provided by the burning charcoal is simply

Mass of Calorific
charcoal X value of the
burned charcoal

Under ordinary circumstances one would calculate:

Mass of Mass of Mass of

charcoal = stove + - stove +

burned charcoal charcoal o
final initial

In our second trial (starting with the stove already hot) this is not a problem. Unfortunately, for
the first trial we started out with the pot sitting on top of-the charcoal. Thus, until about 12
minutes into the trial (when Dr. Fulford jiggled the pot so that the charcoal settled into the stove)
the mass being recorded by the sensor included the mass of the pot.

We decided to plot the mass data anyway and use the masses from t=12 minutes and beyond to
work backwards to find the original mass of the stove + charcoal, which turns out to be 35.95 kg.
The graph is shown below:

Experiment 1, Mass of Charcoal+Stove (kg) vs. time (minutes), data corrected

3g

L ¥= 35.950 * 107(-1.2539e-4x) RA2 = 0.996

«g)

Slove

coal+

kL]

T T T
o 10 20 30 4q0

Time (min)

This gives, for trial 1, H = (35.95-35.65) kg x 31000 kJ/kg = 9300 kJ
For trial 2 we get H = (35.497 — 35.355) kg x 31000 kJ/kg = 4402 kJ
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Details of calculations (continued):

la. Energy radiated by the stove sides: 15.75 cm
8stovesides = 098
radius of top of stove = 15.75 cm [

radius of “waist” of stove = 10.35 cm

Bits needed to get the area of the stove sides he
(shown in ray on the diagram): 197 o

¢ =sin™ (5.4/12.5) = 25.6° 12,5 cm

Height H of the cone defined by the stove: ( n 3
H=15,75cm /tan ¢ = 32.88 cm :
Height h of the “stove section” of the cone 10.35 o

"<

h=v(12.5"-54% =11.27 cm H-=
32.88¢

H-h=

Surface area of a cone. <
J 21.61 pm

dA (surface area of the strip) = 2 ¢ x dz/cos ¢ =2 T (z tan ¢) dz/cos ¢

To find the area of the exterior stove wall we evaluate the integral between the limits 21.61 and
32.88 cm

H 32.88
A restas = f 2 1t (z tan ¢) dz/cos ¢ = 1t z* (tan ¢/ cos ¢)] b6 = 1024 cm® = 0.1024 m?
H-h '

1b. Energy Radiated by the pot walls
Spot walls— 0.7

diameter of pot = 24.0 cm
height of pot=17.5 cm

Surface Area of pot walls = 7 x diameter x height
=n*24.0cmx 17.5cm= 1319 cm*=0.1319 m*
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Ic. Energy radiated by pot lid
Epot wats= 0.7
diameter of lid = 25.4 cm
Surface Area of the lid = 7 * (0.254 m/2)* = 0.05065 m?

2a,b,c Energy transferred by convection
Use h = 8 W m? K™ and the areas calculated for 1a,b,c.

3a. Heats involved in warming up the water
Myger= Myater+pot+iid ~ Mpot+id =2.897 kg ~0.895 kg =2.002 kg

Trial 14 T of waer = 19.2 °C
Tﬁnal of water — 100.4 °C
H (trial 1) = 2.002 kg x 4.186 KJ/kg °C x (100.4 °C - 19.2 °C) = 680.5 kJ
Mye= mwmcr+po:+lid — Myt =2.897 kg -0.895 kg =2.002 kg
Trial 2{ Tinitiul of water — 328°C
Tﬁnul of water — 100.5°C
H (trial 2) = 2.002 kg x 4.186 KJ/kg °C x (100.5 °C - 32.8 °C) = 567,4 kJ

3b, 3c . Heat involved in heating up the pot and lid —
Although we did not measure the mass of the pot and lid separately for purposes of this
calculation I will assume that the mass of the lid is 1/3 of the total measured mass (this

shouldn’t make too much difference in that the temperature change difference between

the pot and the 1id is not very great).
Cy o (aluminum)= 0.900 kI/kg °C
m, = (2/3) % 0.895 kg = 0.597 kg
Trial 1 Tiru'tial of pot — 19.2°C
Tﬁnal of potl =100.4 OC
H (trial 1) = 0.597 kg x (0.900 kJ/kg °C) x (100.4 °C - 19.2°C) =43.6 kJ
m,, = (2/3) x 0.895 kg = 0.597 kg
Trial 2{ Tinilial of pot =32.8°C
Tf'uml of pot =100.5 OC
H (trial 2) = 0.597 kg x (0.900 kJ/kg °C) x (100.5 °C - 32.8 °C) =36.4 kJ

3c. Heat involved in heating up the lid
Cpua= 0.835 kJ/kg °C
my, = (1/3) x 0.895 kg = 0.299 kg
Trial 1< Tigarorua = 18.9°C
Tnar oic = 89.1°C
H (trial 1) = 0.299 kg x (0.900 kJ/kg °C) x (89.1 °C - 18.9°C)=18.9kJ
my, = 0.299 kg
Trial 2 4 Tigsaoersa=31.5°C
Tinai ofia = 97.3°C
H (trial 2) = 0.299 kg x (0.900 kJ/kg °C) x (97.3°C-31.5°C)=17.7KkJ
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3d. Heat involved in heating up the stove
ASSUME that the average temperature of the stove at any moment is the numerical
average of the inner and outer wall temperatures.

Cptove = 0.835 kJ/kg °C
mstove = 80 kg

Tim'l:ial of outside wall of stove

T.

initial of inside wall of stove

=18.9°C
=32.2°C

i 0
Tﬁnal of outside wall of stove — 171.2 C

e 0
Tﬁnal of inside wall of stove — 490.2°C

H (trial 1) = 8.0 kg x (0.835 kJ/kg °C) x [(490.2°C + 171.2°C)/2 - (32.2°C + 18.9 °C)/2]

=2038 kJ

Tinitial of outside wall of stove

=186.6°C

- 0
Tinitial of inside wall of stove ~ 422.8 c

. 0
Tﬁnal of outside wall of stove — 173.1 C

- 0
Tﬁnal of inside wall of stove ™ 334.0 C

H (trial 2) = 8.0 kg x (0.835 kJ/kg °C) x [(334.0°C+173.1°C)/2 - (422.8°C + 186.6°C )/2]

=-341.7kJ

—4. Heat involved in vaporizing water at 100°C to steam.
Mass of water + pot + lid ;;,; (trial 1) =2.897 kg

Mass of water + pot + lid g, (trial 1) = 2.297 kg

Heat to vaporize water (trial 1) = (2.897 kg — 2.297 kg) x (2260 kJ/kg) = 1356kJ

Mass of water + pot + lid ;;;,, (trial 2) = 2.897 kg

Mass of water + pot + lid ¢, (trial 2) = 2.534 kg

Heat to vaporize water (trial 2) = (2.897 kg — 2.534 kg) x (2260 kJ/kg) = 820.4 kI

HEAT BALANCE RESULTS TRIAL 1 TRIAL 2
Calorific Value of the charcoal 9300 kJ 4402 kJ
Energy | % Energy %
Energy into Heating the water 680 kJ 7.3 567 kJ 129
Heating the stove 2038 kJ 21.9| (-342k)) | (-7.7)
Heating the pot and lid 62 kJ 0.7 54 kI 1.2
Energy “lost” from the stove walls | By radiation 380 kJ 4.1 109 kJ 2.5
By convection 245kJ 2.6 93 kI 2.1
Energy “lost” from the pot lid By radiation 37kJ 04 21 kJ 0.5
By convection 48 kJ 0.5 30kJ 0.7
Energy “lost” from the pot walls By radiation 106 kJ 1.1 91 kJ 2.1
By convection 34 kJ 0.4 118 kJ 2.7
Energy “lost” in making steam 1356 kJ 14.6 820 kJ 18.6
Energy “lost” into the flue gases 4214 kJ 45.3 2020 kJ 45.9
STOVE “EFFICIENCY” 7.3 % 12.9%

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003
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A Sankey diagram for the Ethiopian stove (Trial 1, starting with a cold stove):

Heat in water 630 kJ

Y

Heat in pot and
lid 54 kJ

Heat in Stove

Heat Input 2038 kJ
from

' Charcoal

I 4402 kJ

i
) g Radiation
Radiation and

and

Steam
1356 kJ

lon Convection Convection from
and : From lid Stove Walls
Convection 5 kJ 625 kJ
from Pot
Walls
202 kJ

e m—

Into Flue Gases
4214 kJ

OVERALL EFFICIENCY
= 680/9300 x 100 = 7%
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A Sankey diagram for the Ethiopian stove (Trial 2, starting with a hot stove):

Heat Input
from Stove
342 k.l

Heat Input
from
Charcoal
4402 kJ

Radiation and
Convection
From lid

50 kdJ

from Pot
Walls
202 kJ

Into Flue Gases
2020 kd

Radiation and
Convection from
Stove Walls

202 kJ

OVERALL EFFICIENCY
= 567/4402 x 100 = 13%
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Heat in water 567kJ

820 kJ

Heat in pot and
lid 62 kJ
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Heat Transfer from the charcoal fire to the pot

There are two main mechanisms whereby heat is transferred from the charcoal to the pot:
convection and radiation. THE PURPOSE HERE IS TO GAUGE THE RELATIVE
IMPORTANCE OF THE TWO HEAT TRANSFER MECHANISMS.

CONVECTION:
The net power lost to forced convection from a hot surface (in watts) is given by

P= h X A X @)t gases T bottom of the pog
i

-

@ h is the heat transfer coefficient, given by

h  =0662 x (k / L) X  Re” x P
o N —
@ ® ® ©

@ k = the termal conductivity of the air (W m™ K™') which is a function of-
the temperature of the air

® L, = a “characteristic length”
= (4 x Cross-sectional area of the pot) / Perimeter of that area
= diameter of the pot (for a circular pot)

® Re; = the Reynold’s number. “When the number is small there will be

little tendency towards eddy production, because the viscous forces are
large compared with the inertia ones; when the ratio is large there will be
a great tendency for eddies to occur .” (Francis, 1975) In our case it tells
us whether the air is going to tend to “hug” the pot (a lower Reynold’s
number) or swirl along the pot surface (a higher Reynolds number). It
depends upon the velocity of the air, a characteristic length (see below)
and the “dynamic viscocity” of the air and is calculated as
Ré=u, ¥ L./ %

@ ® ®

@ u,. is the “free stream velocity” of the air which can be calculated by

= flow rate (m?/s) / the cross sectional area of the stove at a
point just below the pot

flow rate = V.e]'OCity _Of the X CrOS’S- X Tunderslove (K)
air entering the sectional area Tiaie e K
stove of the stove’s

air intake

® v =the “kinematic viscocity” which is the ratio of the “molecular
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viscocity” of the fluid (which indicates how strongly the
intermolecular forces in the fluid resist shear) and the density of
the fluid. (Francis 1975) It describes the diffusion of momentum in
a fluid. (Weisstein 2002)

® Pr is the Prandtl number, which “is a dimensionless parameter of a convecting
system that characterizes the regime of convection. It is defined as
pr= Y
K
where V is the kinematic viscosity and K is the thermal diffusivity. In order
of increasing Prandtl number, modes of convection are as follows.
1. Rolls,
2. Three-dimensional steady pattern in which flow occurs in
interlocking polygons which are often hexagons or squares,
3. Irregularly shaped cells,
‘ 4. Narrow rising regions characterized by isothermal circulation,
and
— 5. Turbulent convection in which no cells are present.”
(Weisstein 2002)

‘; @ A_ is the effective area of the pot in contact with the hot rising gas. I will take this to
, be the area of the bottom of the pot plus 1/3 the area of the side of the pot
=7 X(.24 m/2)* + 1/3 x (0.132m?) = 0.0892 m*

® Thorgases — T bottom of e por 1S the difference between the temperature of the hot gases
reaching the bottom of the pot and the temperature of the bottom of the pot itself.

I will calculate the convective heat transfer at two different points in each of the two trials
respectively, one where the water is at 60°C (halfway between its initial temperature and boiling)
and again after it has been boiling for five minutes. I will also calculate the radiative heat transfer
at those same times and temperature.

| THE CALCULATIONS ARE DONE ON THE SPREASHEET. I WILL SUMMARIZE THE
| RESULTS AT THE END OF THE NEXT SECTION ON RADIATIVE HEAT TRANSFER.
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RADIATION:

There is a net transfer of energy by radiation from the hot charcoal to the not-as-hot pot bottom.

The amount of energy transferred to the pot depends on

= the ratio D,/D,. If D, < D, then the pot bottom subtends a larger solid angle of the radiation
emitted by the hot charcoal than if D, > D, so the transfer of energy by radiation from the
hot coals to the cooler pot is relatively more efficient.

= the ratio D,/H, which likewise determines what solid angle of the radiation from the coals is

subtended by the pot.

= the relative temperature of the coals and pot. If the pot is cooler it radiates less energy
relative to what it receives from the hotter coals

= the emissivity of the coals and pot. The emissivity of the hot coals determines how much
energy they radiate. The emissivity of the pot determines the rate at which the radiated

energy from the coals is absorbed by the pot.

The geometries contribute to a “geometric form factor” F” which can be obtained from the graph
provided in the lab handout. The geometry and the emissivities together contribute to the total
form factor F’,, given by:

5 -1
Fl"_zz l+ _1__1 21?4. i_
F g V2

Here ¢, is taken to be 1 for the charcoal, and &, is taken to be 0.9 for the partially blackened
aluminum pot bottom.
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Determination of D, and H:

For the first trial the charcoal was filled up

to the top of the stove. Indeed, the pot was
sitting on top of the charcoal until 10 or 12
minutes into the trial. For purposes of
calculating D, and H I will assume that the
height of the charcoal in the stove decreases
linearly with time, and that the top of the
charcoal bed is the location of the radiating
surface.

NOTE: IN ALL TRIALS THE POT WAS SUSPENDED 1.5 CM ABOVE THE TOP OF THE

STOVE.

At start of the first trial
the pot was sitting
directly on top of the
charcoal . . ..

At the end of the first trial thTe
charcoal was about 1.5 cm
deep in the stove

SO: 8 minutes into the first trial
the charcoal would have

burned down 8/30 of 8 cm total
change in bed depth (2.13 cm)

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003

AND: 19 minutes into the first
trial the charcoal would have
burned down 19/30 of 8 cm
total change in bed depth
(about 5.06 cm)
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EXAMPLE CALCULATION OF D, and H:
Eight minutes into the first trial the top of the coal bed would have been 2.13 - 1.5 =0.63 cm
below the top edge of the stove, Also, the upper inner diameter of the stove is 23.5 cm and the

diameter of the base of the stove is 15 cm

So the diameter of the top of the charcoal bed 8 minutes into the first trial would have been:
15cm+ [(8 cm—0.63 cm)/8 cm)] x (23.5¢cm - 15cm) = 22.8 cm

and the ratio
D,/H=22.8cm/2.13 cm =10.7

Extrapolating from the graph on page 5 of the lab handout the Geometric Form Factor would be

about 0.9.

Then F',, = {(1/0.9) + ((1/0.9) —1)(22.5/23.5)* +((1/1) -1))} ' = 0.822
And the rate of energy transfer from the charcoal to the pot would be:
P=F ,1-2 c Ac (Tcharcoal4 - Tpot bottom4)

=0.822 x 5,6697x10®x 7 x (0.228/2)* x ((660.3+273.2)*-(63.5 +273.2)%) = 1420 Watts
SIMILAR CALCULATIONS WERE CARRIED OUT ON THE SPREADSHEET FOR THE
OTHER TEMPERATURES AND TRIALS

Trial 2:

s

At the end of the second trial the charcoal
was about 1.5 cm deep in the stove

At start of the second trial the pot
was sitting about 4 cm away from
the pot bottom (bed 5.5 cm deeb)

SO: 14 minutes into the first trial the

SO: 4 minutes into the first trial the sharsoal visild have burmad down

charcoal would have burned down X

4/30 of 4 cm total change in bed 14/30 of 4 cm total change in bed
depth (about 2 cm)

depth (about 0.5 cm)
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COMPARISON OF CONVECTIVE AND RADIATIVE HEAT TRANSFER:

Convective Heat Radiative heat RATIO
Transfer to pot Transfer to Pot Radiation/Convection
TRIAL 1, 8 minutes in, 44.7 Watts 1420 Watts ~32
Twater ~ 60°C
TRIAL 1, 19 minutes in, 64.8 Watts 2350 Watts ~36
Twater ~ 100°C
TRIAL 2, 4 minutes in, 59.0 Watts 1540 Watts ~26
Twater ~ 60°C
TRIAL 1, 14 minutes in, 36.9 Watts 1190 Watts ~32
Twater ~ 100°C

A REALITY CHECK:
For trial 1 at 19 minutes the total power gained by the stove+pot+water is ~2400 Joules/sec.

The calculated power radiated and convected by the stove, pot and lid was
68.9 + 85.3 +13.8 +19.9 =187.9 Watts
so there is about 2200 Watts to account for.

The water started boiling at minute 14 and we turned 600 grams of water total into steam in the
first trial. That works out to about 40 grams of steam per minute on average, or about 2/3 gram
of steam per second. At 2260 J/gram, that’s about 1500 J/sec or 1500 watts.

So, there is about 2400 Joules per second leaving the charcoal for the pot.

I can account for 1700 of those Joules per second being used to turn the boiling water to steam.
That leaves about 900 watts unaccounted for. Given the assumptions made in the calculations,
that is not bad. It’s not a great agreement, but at least it tells us that we are in the right ballpark
as far as estimating the relative quantities or heat transferred by convection.

IN THE CONCLUSIONS SECTIONS I'LL SUGGEST REASONS WHY THE NUMBERS DO
NOT AGREE EXACTLY.
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CONCLUSIONS / POSSIBLE IMPROVEMENTS TO THE STOVE:

1. Efficiency of the Ethiopian stove: We calculated the efficiency of the stove by determining
what proportion of the calorific value of the charcoal burned went into raising the cold
water to its boiling point. By this definition the stove was 7% efficient when the stove was
initially cold, and 13% efficient when the stove was already hot. This difference in
efficiency can be ascribed to radiation from the burning charcoal striking the stove walls
and being re-emitted to the pot when the walls were hot as opposed to the radiation being
absorbed by the walls when the walls were cold

In reality the efficiency really should be ascribed to a particular stove/pot combination.
The most efficient stove/pot combination would be one that raised the water to its boiling
point and then kept it there. The apparent efficiency of the stove could have been
increased by:

a. Using a very shiny lid and a pot with very shiny walls and a very black bottom.
This would ensure that the emissivities of the pot surfaces that radiate heat would be
very low, so that the radiative losses from the pot and lid would be minimized. Since
the emitted radiation is all in the infrared portion of the spectrum, glass walls and a
glass pot lid might have had a similar effect at least in terms of keeping the water from
radiating infrared light out of the pot). Having the pot bottom have € = 1 would ensure
that radiative heat transfer from the charcoal to the pot was optimized.

b.  Although we did not discuss conduction at all in this experiment, having a pot with
evacuated double walls and an insulated lid might help minimize the required heat
input as well. (This is NOT, however, something that would likely be within the budget
of anyone who was cooking on one of these stoves!)

c. Inthe second trial (starting with the already-hot stove) we bumed less than half of the
amount of charcoal but still kept the water boiling. This indicates that;

(1) We could use less charcoal. We could have put the same energy into heating the
water and spent a lot less of it in keeping it at the boiling point. Most of the excess
heat was wasted in making steam or into the flue gases.

(2) After the water was boiling we really just needed to SIMMER the pot. Once the
water was boiling we could have cut off most of the primary air supply to siow
the rate of charcoal burning. Since virtually all of the heat was transferred to the
pot by radiation and NOT by convection, lowering the rate of air flow from the
charcoal to the pot wouldn’t have affected the heat transfer to the pot very much.
We need just enough air getting to the charcoal to keep it burning. If we are using
the stove out-of-doors the extra CO being produced wouldn’t be a safety issue.

d. Over 20% of the energy from the charcoal in the first trial went into heating up the
stove. In the second trial we may have recovered some of the heat that went into the
stove in the first trial. If we were to insulate the stove then a stove used to cook
breakfast might still retain a large proportion of it’s heat when it came around to
lunchtime.

e. If we were to make the stove with a shiny metal exterior then the emissive losses
from the stove might have been reduced. This may be impractical in that soot and
grease would soon blacken the stove anyway.
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Other possible changes one might comtemplate in the stove/pot design might be:

a) If we were to make the stove into a cylinder instead of a cone we could possibly lower
the pot to keep it very close to the charcoal as the charcoal burned down. I suspect that
this would make only a very minor difference in that the geometric form factor is not
particularly sensitive to marginal charges in the pot-charcoal distance. It would also
make the pot subtend a smaller solid angle of the radiative output of the charcoal.
Probably this would NOT be an improvement.

b) Don’t change the pot size! The pot was used was just the right size to intercept virtually
all of the upward-directed radiation from the charcoal and inward-directed radiation from
the hot stove wall. A smaller pot might have allowed more convective heat transfer, but
we have already determined that this is not a significant mode of heat transfer for this
stove.

c) Make the ceramic sides of the stove less thick. This would mean that there was less
energy required to heat the stove, but it might also mean that the stove got hotter, and that
the radiative and conductive losses from the sides of the stove might increase. This might
also make the stove more fragile.

ALL of these other changes would require testing to see what effect they had on the stove
efficiency.

2. As already mentioned, only about 10% or so of the calorific value of the charcoal went into

heating up the water.
Large amounts of energy went into turning the already boiling water into steam, or heating

up the stove, or into the flue gases.

3. The dominant form of heat transfer from the charcoal to the pot is through radiation.
Radiation transferred about 30 times more energy to the pot than convection did.
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SOURCES of ERROR and UNCERTAINTY in the EXPERIMENT and
CALCULATIONS: HEAT BALANCE

There are two main classes of errors built into the lab. In one category are measurement errors
associated with the various sensors and meauring tools. In the other category lie all of the
assumptions that went into calculating the various derived quantities in the lab.

Example of measurement errors are:
Lengths : + 2 mm

Temperatures: + 1°C

Masses: * 2 grams

For example, looking at the power radiated by the stove walls we have:
P=¢ecA (Tlhot4 - Tambient4)

€ : Here we assume that since the walls are black that € can be taken as close to 1. Although
this is true for visible light, in general the value of ¢ is a function of wavelength. My
experience teaching labs is that when you put boiling water into two cans that are in all
ways identical except that one is painted white and the other black, they cool at exactly
the same rate. An radar physicist who served as an adjunct lab instructor commented that
in his experience with radar antennae it is the paint base material rather than the bits of
pigment that get added that determines the emissivity of the material. SO: Dark black
does NOT mean that emissivity = 1. So, Ag =.02 (at least!)

C: no uncertainty here

A: Each height, length, angle, and diameter used to calculate A has an uncertainty of around
1%. Since several of these go into calculating A, AA is probably +3%

T: each Temperature is measured as a voltage at a thermocouple and intepreted by an A/D
converted at the computer. I don’t know the uncertainty of the thermouple or A/D
conversion but it is probably safe to assume that it is at least + 1°C. Since we are
calculating T* the uncertainty in our value for T* is 4T°AT. The uncertainty in (T,* —
Tomien) Will be approximately \2 (4Tm.g3AT), so the fractional uncertainty in the
temperature part of the calculation is about 6AT/T,,, . Taking T,,, = 350 K and AT = 1°
gives a percent uncertainty in (Ty,," — Tonpiens) Of around 1.5%.

Putting all of these uncertainties together gives a total uncertainty in the power radiated
by a surface to be at leat V([0.02)%(0.03)*+(0.015)?] = .033 or 3.3% or 1 part in 30.
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For the convection numbers we have
P = h A (Thot - Tambient)

h: is taken to be about 8. Since this should depend at least in part on the orientation of
the surface (vertical vs. horizontal or slanted) this value has to be + at least 2%

A: suffers from the same uncertainties as for the radiating area. + 3%

T: is probably + 1° so the uncertainty in (T}, — Tympiene) 1S @bout V2° so the percent
uncertainty in (Tyy, — Tynpien) i @bout V2 our of 2 to 160° or between 70% and 1%

So the uncertainty in the convected power can range probably works out to be around 3 to
5 watts for each calculated value. For an experiment running 1800 seconds that works
out to 5400 to 9000 Joules of uncertainty, or around 6-8% of the total value.

HEAT QUANTITIES:
The mass of the stove is given to be 8 kg. Not 8.0 kg or 8.00 kg, but 8 kg. We can assume an

uncertainty of at least + 2% =

I assumed that the temperature of the stove walls at the beginning and ending of each trial could
be taken to be the arithmetic averageof the outer and inner wall temperatures.

Most of the masses are pretty dependable. I assumed that the lid made up 1/3 of the total mass of
the lid+pot combination, which may throw off the calculation of the heat that went into the pot.

By a percent or two.

I assumed that the specific heat capacity of the water was 4.186 kJ/kg°C for ALL water
temperatures because the uncertainty such an assumption introduced was less that any of the
other uncertainties in the calculations.
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SOURCES of ERROR and UNCERTAINTY in the EXPERIMENT and
CALCULATIONS: CONVECTIVE and RADIATIVE HEAT TRANSFER

CONVECTION:
There are many quantities that go into calculating the convective heat transfer.

Temperature of the air under the pan: this is only as good as the sensor (+1°?) and how close it
actually is to the bottom of the pan

Temperature of the pot bottom: We assume that this is the same as the temperature of the water
in the pot, but if it really were the same no heat would flow from the pot bottom into the
water and the water would not boil. I do not have an easy and immediate way of
estimating how big the difference actually is.

The Air flow velocity sensor was out. The meter in the air intake varied between 0.14 and 0.20
m/s. Itook the value to be 0.17 m/s for the entire experiment.

Area in contact with the hot gas I took to be the pot bottom area plus 1/3 of the pot side area.
Had I chosen 1/2 instead or 1/3 that would have changed the value for the convective heat
transfer by about 15%.

All together these contribute to a relative uncertainty of at least 20% in the convective heat
transfer values.

RADIATION:

The biggest uncertainties here come from assuming that the heat is radiating from the TOP of the
charcoal bed at a temperature measured at the BOTTOM of the charcoal bed. The situation is
made worse by raising this uncertain value it to the fourth power.

The geometric from factor is calculated assuming that all of the heat is radiating from the top
surface of the charcoal. From a practical point of view it would be hard to design a robust
temperature sensor that moved down as the charcoal burned, but it does mean that the
temperature we are calculating with is probably not the “real” one,

I also assumed that the height of the charcoal bed decreased linearly with time, that the charcoal
can be treated as a perfect blackbody (€ = 1) and that the pot bottom has € = 0.9, although that
value is just a reasonable guess. Finally, I assumed that the temperature of the pot bottom was
the same as that of the water (see comments on CONVECTION errors above), and there is some
uncertainty associated with reading numbers off of the geometric form factor graph.

All of these uncertainties might lead to errors as large as 50% or more, but as I point out in the
“reality check” of the radiation heat transfer calculations, the numbers are of the right order of
magnitude.

Ultimately we are trying to determine which heat transfer method dominates, and even if the
convection were twice as much and the radiation half as much the radiative heat transfer would
still clearly dominate.
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Data for Lab Group D—Nlkes, Jullan, Seyhan, and Phil
Blomass Stove—Trlal 2 (start with hot stove)

CHANNEL
1
Time Into the
Experiment  AMB.
(minutes) DEG.C
[+] 19.9
1 19.8
2 19.8
3 20.1
4 20.3
5 20.5
6 20.2
7 203
8 20.4
9 20.1
10 20.1
11 199
12 19.8
13 19.8
14 19.8
15 198
16 19.8
17 19.9
18 203
19 20.0
20 18.7
21 19.8
22 19.8
23 19.9
24 19.7
25 19.8
26 19.9
27 19.9
28 20.1
29 19.8
30 198
Temp (oC)
Trial
2 (t = 4 min) 63.8
2(t=14min) 100.477
D2
2 {t = 4 min) 0.235
2 (t =14 min) 0.235

awall 0.98
sigma 5.67E-08
deftaT 1
Wall Area
(m2) 0.1024
CHANNEL
2
Amblent Power
Temperatur Stove Radiated by
s 0-§ WALL Outslde Wall Stove Walls
{Kelvin) DEG.C (Kelvin) (Watts)
293.0 186.6 459.8 2123
283.0 187.2 460.4 213.7
293.0 187.6 460.8 214.5
293.3 186.8 460.0 212.6
293.5 187.2 460.3 2133
293.6 186.7 459.9 212.2
203.4 187.1 460.2 213
283.4 187.8 461.1 215.0
293.6 188.3 461.4 215.6
2933 1889 462.1 217.3
293.3 1801 463.3 220.0
293.0 180.6 463.7 2211
293.0 190.2 463.4 2204
293.0 190.4 463.6 220.8
293.0 189.9 463.0 219.6
293.0 189.9 463.0 219,6
292.9 190.0 463.1 219.8
2931 189.8 462.9 218.3
293.4 189.1 452.2 217.5
293.1 188.1 461.2 215.4
292.8 187.2 460.3 213.7
293.0 186.5 459.7 2121
293.0 185.3 458.5 209.5
293.0 184.2 457.4 207.1
292.9 1829 456.0 204.2
293.0 180.9 454.0 199.8
293.1 179.3 452.4 196.4
293.0 1772.7 450.9 193.2
293.3 176.1 449.2 189.6
2931 1747 447.9 187.0
293.0 1731 446.3 183.7
Energy
Rediated by
Stove Walls
{Joules)
3.799E+05
1 2 3 4
Thot gases -
T bottomn of
h Ac the pot k
(W m-2 K-1) m2 K W m-1 K-1)
240  0.0892 275.9 0.0476
229 0.0892 180.2 0,0441
distance
(top of
charcoal to
bottom of Geometric
pot) D1 D1/h Form Factor
0.0453 0.20281 4.47695916 0.82
0,0653 0.18156 2.78034074 0.72

from Stove

Walls

(Watts)
136.6
1371
137.4
136.6
136.7
136.2
136.7
137.3
137.5
1383
139.3
138.8
139.6
139.8
1383
138.3
139.4
1394
1383
137.7
137.2
136.5
135.6
1347
133.6
131.8
130.5
129.3
127.7
126.8
125.6

Energy

Convected

from Stove

Walls

(Joules)

2,448E+05

Le

m
0.24
0.24

2(pot)
0.9
0.9

CHANNEL CHANNEL CHANNEL CHANNEL
5 &

S WALL
DEG.C
422.8
462.2
492.9
503.7
505.8
498.0
496.0
4929
461.7
4783
478.3
463.5
450.4
439.5
435.2
426.6
418.2
409.6
402.0
396.2
391.7
384.6
378.4
3745
367.8
362.0
357.2
351.0
345.8
3399
334.0

Rel.

429
458

BED
DEG.C
7533
778.9
780.0
7.2
7533
777.8
777.9
7699
761.3
765.7
747.8
785.3
783.5
767.5
7729
803.4
787.7
777.9
7728
770.8
759.9
739.9
725.5
709.7
696.1
6582.9
665.6
652.7
635.0
6166
604.9

e

m/s
9.74E-02
8.82€-02

Total
form

€1(charcaa factor

1 0.76789 1026.498 336.975
0.68719 1046.012 1373.627

1

U-PAN
DEGC
2103
2%8.1
346.6
333.7
339.7
345.7
3455
349.9
3458
3323
317.2
313.3
301.5
297.5
280.7
2721
265.8
263.0
262.2
2455
2354
2253
219.8
230.7
223.8
2209
212.6
201.5
193.0
196 6
191.8

flow rate

m3/s
4.22E-03
3.826-03

Teharcoal
(K)

WATER
DEG.C

328

369

46.2

54.8

638

7.2

79.1

B7.7

94.3
100.4
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.6
100.6
100.5
100.5
100.6
100.5
100.5
100.5

v

m2 s-1
5.45E-05
4.62E-05

Tpot-
bottom
«

Water

Temperature

(Kelvin)
306.0
3101
319.4
328.0
337.0
344.4
352.3
360.8
367.5
3736
373.7
373.6
373.6
373.6
373.6
373.6
373.6
373.7
373.7
373.7
373.7
3737
3737
373.7
3737
373.6
373.7
373.7
373.6
373.7
373.7

0.686
0.683

Power
radiated from
charcoal to
pot bottom
1.54E+03
1.19E+03

Power
Conveacted
Power Radisted from Pot
by Pot Walls ~ Walls
(Watts) (Watts)
g 13.7
10.7 18.0
173 27.9
23.7 36.6
311 45.9
37.7 53.6
45.4 62.1
54.2 711
61.4 78.0
68.6 B4.7
68.8 84.9
68.9 85.1
68.9 85.1
68.9 B5.1
68.9 85.1
68.9 85.1
68.9 85.2
[1:8:] 85.0
68.7 84.7
68.9 85.0
69.0 85.3
68.9 Bs.1
68.9 85.2
69.0 85.2
69.1 85.3
68.9 85.1
68.9 85.0
69.0 85.2
68.7 B4.8
68.3 85.1
68.0 85.2
Energy
Energy Convected
Radlated by from Pot
Pot Walls Walls
(Joules) {Joules)
1.060E+05  1.337E+05
Power
59.0
36.9

epotsides
Apotsides

CHANNEL 7

up
DEG.C
315
34.6
39.2
44.6
51.2
59.0
67.5
758
B39
936
96.1
96.1
96.5
96.6
96.9
96.9
97.0
97.0
97.1
97.3
971
97.0
97.1
97.3
97.2
97.2
97.2
97
97.2
97.2
97.3

0.76
0.1319

Lid

Temperature

(Kelvin)
304.6
307.7
312.4
317.8
324.3
332.2
340.6
349.0
357.0
366.8
369.3
369.2
369.7
369.8
370.0
370.0
3701
370.2
370.3
3704
370.2
370.1
3703
370.5
370.4
370.4
370.4
3703
3704
370.4
370.4

elld
Alld

Power Radlated
by Pot Lid
(Watts)
2.7
3.5
4.7
6.1
8.0
10.3
13.2
16.2
19.2
23.4
24.5
24.5
24.7
24.7
24.8
24.8
24.9
24.9
24.9
25.0
25.0
24.9
25.0
25.0
25.0
25.0
25.0
24.9
24.3
25.0
25.0

Energy Radfated

by Pot Lid

(Joules)
3.694E+04

0.76
0.05065

Power
Convected
from Pot Lid
(Watts)
4.7
6.0
7.8
9.9
12.5
15.6
19.1
225
25.7
29.8
30.8
30.8
311
311
31.2
31.2
13
31.2
319
313
314
33
313
31.4
31.4
31.4
31.3
31.3
3.2
313
31.4

Enargy
Convected
from Pot Lid
(Joules)
4.750E+04

CHANNEL CHANNEL
8 11

AR IN CHARCOAL

DEG.C kg
23.6 355
23.6 35.5
23.6 355
233 355
233 355
23.3 355
233 354
232 35.4
23.3 354
23.2 35.4
23.4 35.4
23.3 35.4
22.9 35.4
23.0 354
22,8 354
22.7 35.4
64.3 35.4
22.5 35.4
22.5 35.4
22.6 354
22.6 354
22.8 35.4
23.0 354
227 35.4
227 354
22.7 354
227 354
22.5 354
22,6 354
22.6 35.4
22.6 35.4



Blomags Stove—Trlal 1 (start with cold stove)

ewall 0.98
sigma 5.67E-08
deltaT 1
Wall Area
{m2) 0.1024
CHANNEL CHANNEL
1 2
Ambient
Time Into the Tempsratur
Experiment  AMB, L 0-S WALL
(minutes) DEG.C (Kelvin) DEG.C
] 18.4 291.8 18.9
1 18.4 291.6 19.1
2 185 291.7 19.3
3 18.9 292.0 19.7
4 19.0 2821 20.2
S 19.2 292.4 21.2
6 19.2 292.3 23.2
7 19.3 292.4 2714
8 19.3 292,5 343
9 19.6 292.7 44.6
10 19.6 292.8 54.8
1 19.2 2923 60.6
12 19.2 292.4 5.0
13 19.2 292.4 668
14 19.2 292.3 68.4
15 19.4 292.6 734
16 19.4 292.6 770
17 19.6 292.8 B2.2
18 19.7 292.8 89.6
19 18.6 292.7 96.7
20 19.6 292.8 107.5
21 19.5 292.6 116.4
22 19.5 292.6 124.6
23 19.6 292.8 133.6
24 19.5 292.6 140.3
2s 20.0 293.1 1471
26 19.6 292.8 153.4
27 19.7 292.9 158.5
28 19.9 2930 162.9
29 19.9 2931 167.2
30 19.8 292.9 171.2
Temp (oC) 1 2
Trial h Ac
(Wm2K-1) m2
1 (t=8min) 63.5 2,30 0.0892
1(t=19min) 100.401 2.43  0.08%2
distanca
(top of
charcoal to
battom of
D2 pot) D1
1(t=8min) 0235 00213333 0.22827
1(t = 19 min) 0.235 0.0506667  0.1971

Power
Power Convected
Stove Radlated by from Stove
Outside Wall Stove Walls Walls
(Kelvin) (Watts) (Watts)
292.0 03 04
292.2 0.4 0.5
292.5 0.5 0.7
292.9 0.5 0.7
293.4 0.7 1.1
294.4 1.1 1.6
296.3 2.3 3.3
300.3 4.7 6.4
3074 9.2 122
nzry 16.2 20.5
328.0 24.1 28.9
3338 29.1 34.0
338.2 328 375
340.0 34.4 39.0
341.6 35.9 40.3
346.5 40.4 442
350.2 43.9 47.2
355.3 48.9 51.2
362.7 56.7 57.3
369.8 64.7 63.2
380.6 77.6 71.9
389.6 89.3 79.4
397.7 100.7 86.1
406.7 1139 93.3
4135 124.6 99.0
420.2 135.5 104.2
426.6 146.6 109.6
431.6 155.6 113.6
436.1 163.8 117.2
440.4 172.0 120.7
444.3 179.9 124.0
Energy
Energy Convectad
Radlated by from Stove
Stove Walls  Walls
(Joules) (Joutes)
1.0B9E+05  9.2B2E+04
3 4 s
Thot gases -
T bottom of
the pot k Le
K Wm-1K-1) m
218.0 0.0441 024
2924 0.0506 0.24
Geomatric
D1/h Form Factor  e2(pot)
107001953 09 0.9
3.89021382 0.8 0.9

epotsides 0,76 eld 0.76
Apotsides 0.1319 Alld 0.05065
CHANNEL CHANNEL CHANNEL CHANNEL
4 5 6 CHANNEL 7
Power
Convacted Power
Water Power Radiated from Pot Lid Power Radlated Convected
FS WALL BED U-PAN WATER  Temperature by Pot Walla ~ Walls (s} Temperature by Pot Lid from Pot Lid
DEG.C DEG.C DEG.C DEG.C (Kelvin) (Watts) (Watts) DEG.C (Kelvin) (Watts) (Watts)
322 30.2 1102 | 192 292.4 0.5 0.9 188 292.0 0.1 0.2
76.2 50.0 1771 | 35,7 308.9 106 18.2 27.8 300.9 2.1 3.8
152.9 80.5 210.1 36.0 309.2 10.8 18.4 28.4 301.6 2.3 4.0
244.2 125.0 231.4 39.7 312.8 131 22.0 316 304.7 29 51
342.5 203.9 240.9 424 315.5 15.0 24.7 33.8 307.0 3.5 6.0
416.9 340.5 250.1 46.2 319.4 17.6 28.5 36.2 309.4 4.0 6.9
4698 487.5 260.3 516 324.8 21.8 343 385 311.6 4.6 7.8
506.9 586.0 2689 57.8 3309 26.6 40.6 414 314.6 54 3.0
522.8 6603 281.5 63.5 336.6 314 46.6 39.1 3123 4.8 8.0
553.3 704.6 298.0 69.6 342.8 36.7 52.8 38.9 3120 4.7 7.8
5786 780.3 3182 75.7 348.8 42.4 59.2 431 316.2 5.8 9.5
547.0 830.8 3544 789 3524 45.8 63.1 42.0 315.1 5.6 9.2
510.2 847.5 3783 841 357.2 s1.0 68.4 488 322.0 7.5 12.0
507.0 856.3 3.9 91.6 364.8 59.1 76.4 52.0 325.1 B.4 133
521.6 887.3 3923 100.4 373.5 69,1 B5.7 60.6 333.7 1.4 16.8
540.8 8887 399 100.4 373.5 69.0 85.4 60.1 333.3 10.9 16.5
571.6 889.9 400.9 100.4 373.6 69.0 85.5 65.2 338.4 12.6 18.6
569.3 883.8 404.6 100.4 373.5 68.9 85.2 62,7 335.8 n.7 17.4
563.2 866.1 4016 100.4 373.5 68.9 85.2 62.0 3351 1.5 17.2
562.9 889.0 392.8 100.4 373.6 68.9 B85.3 68.7 341.9 13.8 19.9
563.4 910.6 387.4 100.4 373.6 68.9 BS.2 B1.5 354.7 18.5 25.1
569.6 921.4 388.3 100.4 373.6 63.0 85.4 B4.5 357.6 19.7 26.4
565.8 926.9 385.4 100.4 373.5 69.0 85.4 B6.5 359.7 20.5 27.2
549.0 926.3 369.2 100.4 373.5 68.9 8s5.2 87.4 360.5 20.8 27.4
535.4 900.7 3573 100.4 373.6 69.0 B85.4 88.2 361.3 21.2 27.8
525.9 8713 355.2 100.5 373.6 688 8s5.0 88.1 361.2 21.0 27.6
517.7 849.2 346.2 100.4 373.6 69.0 853 88.5 361.6 21.3 27.9
515.9 825.0 329.0 100.4 373.6 68.9 85.2 86.8 3620 21.4 28.0
503.5  797.9 3269 1004 373.5 88.8 85.0 88.8 362.0 214 27.9
4943 7772 3212 100.4 373.5 68.7 B49 88.8 362.0 21.4 27.9
4%0.2 761.4 3217 100.4 373.6 68,8 85.1 89.1 362.2 21.5 28.
Energy
Energy Convected Energy
Radiated by from Pot Energy Radiated Convected
Pot Walls Walls by Pot Lid from Pot Lid
(Joules) (Joules) (Joules) (Joules)
9.116E404  1.176E+05 2.108E+04 2.977E+04
6 7 8 9 10
Rel. Uso flowrate v Pr Power
m2 s-1
459 B.84E-02 3.84E-03 4.62E-05 0.683 44.7
405 1.06E-01 4.60E-03 6.28€-05 0.692 64.8
Pawer
radlated from
Total Tpot- charcaal to
form Teharcoal bottom  pot bottom
e1{charcoa factor (K) K) (Watts)
1 0.8224 933461 336.622  1.42E+03
1 0.75292 1162199 373.551 2.35E+03

CHANNEL CHANNEL
8 1

ARIN  CHARCOAL

DEGC kg
202 38.9
20.1 39.0
20.2 38.8
201 387
20.2 38.6
20.1 385
20.1 385
20.2 38.2
20.2 38.1
19.8 38.0
20.2 37.0
20.4 35.8
205 35.8
202 35.8
20.6 35.8
20.7 35.8
20.8 35.8
21.0 35.8
211 35.8
21 35.7
211 35.7
213 35.7
21.3 35.7
21.8 357
22.0 35.7
223 357
223 35.7
22.4 36.2
22.3 35.7
224 157
223 35.6



M.Sc. and Diploma in Renewable Energy and the Environment
Biomass Module - Stove Practical
OBJECTIVES
¢ To investigate the characteristics of an Ethiopian stove in a simulated cooking exercise.
o To use the measurements to calculate the overall efficiency of the stove.
o To calculate a heat balance and draw a Sankey diagram.

e To suggest possible improvements that could be made to the design to improve overall
efficiency, taking into account the cost, the use of local materials and crafts and the purpose for
which the stove is used.

BACKGROUND

Rice should be brought from cold to the boil quickly (within 10 to 15 minutes) and then simmered
for a further 15 minutes to ensure it is well cooked. In this test, 2 kg of water are used (sufficient to
cook rice for a family of 4); it will be brought to the boil and simmered for a further 15 minutes.
The amount of energy (in the form of charcoal or wood) that is used will be continuously measured,
together with temperatures at various positions around the stove. A data logger is used to record
this information every minute, and the results printed out and recorded on disk. A large amount of
data is generated. Part of the exercise is to determine what data is useful.

SUGGESTED PROCEDURE -—

The first step is to take detailed measurements of the stove and the pan. These measurements will
be required in order to calculate the heat transfer between the stove and the pan and the heat losses
from the stove and the pan. The stove is supported on an aluminium plate that can be lowered onto
the pan of an electronic scale, or lifted up above it. With the stove lifted up, and the scale setting at
12 kg, measurements can be taken of the weight of the pot, the weight of the pot plus water and the
weight of charcoal to be added to the stove. The scale setting should be reset to 120 kg before the
stove is lowered onto the pan.

Charcoal (about 400 g) or wood is placed in the stove and lit with the aid of a piece of paraffin
soaked paper. When the fuel is well alight, the pan of water is placed over the stove and the data
logger started. The programme is called MSC STOVE and it is RUN on an Apple II computer. The
data is recorded on disk in a binary-coded decimal format, but can be “printed” out to disk as an
ASCII file once the data recording has finished. It can then be transferred to a PC and imported into
Excel.

The data logger is programmed to log the data once a minute for 31 minutes. The performance of
the stove will vary with the temperature of the stove at the start of the test. The first test will be
with a cold stove, so the test should be repeated with a warm stove.

GENERAL INFORMATION
Charcoal
Calorific value 31,000 kJ kg'! Specific heat of stove material: Cp = 0.835 kJ kg—1K~!
Carbon content 86% Mass of stove = 8 kg
Hydrogen content 2%
y Moisture content 5%

\j Ash content 1%



DETAILED CALCULATIONS

Heat Balance and Efficiency

In order to draw the Sankey diagram it is necessary to calculate :

¢ Heat output from the charcoal;

e Heat stored in the stove wall;

e Heat lost through stove wall by convection and radiation;

e Heat into steam;

¢ Heat lost from pan lid;

e Heat stored in the water (the useful output heat);

e The heat lost in the flue gas is assumed to be any heat not identified in the above calculations;
o and the overall stove efficiency (useful heat divided by input heat).

Also the heat transferred to the pan by convection and radiation should be estimated.

Measurements of Apparatus

Pot T Water T
lid T _
Po.t /—Cookmg pot
Bed height &«
Outside izitoht I Combustion
wall i = gases
Trgide Combustion space diam Under pot T
wall T v Fire bed diametern/ Wall thickness\/
Firebed T 0 " ein \ —Ceramic fire
space height/ p. . X box and grate
suppl;y ~a— O Inlet air velocity

= Inlet air T

?

Stove Heat Transfer Equations

The dimensions measured above are used to determine the geometrical values of the variables used
in the heat transfer equations below, such as the areas of stove and pot walls and the area of the pot
lid.
Heat loss by convection from stove and pot walls is given by:

QL‘ . hAW AT
where A,, is the wall area (m?2)

h  is the heat transfer coefficient (on average = 8 W m~2 K1) and
AT is the difference in temperature between the wall and the air (K)
Note: the aluminium pot wall temperature will be the same as the water temperature.

Heat losses by radiation

Heat lost from the stove wall and pot sides and lid by radiation is given by:

O = 5014(71301/ - Tc?mb)



where ¢ = Stefan constant = 5.6697 x 10-8 (W m—2 K—4)
T = Temperatures (absolute) (K)
Y A = Areaofwall (m2)and
& = emmisivity

Values for emmisivity:
Use: &= 0.98 black paint on stove wall and
&= 0.76 for lid (commercial aluminium sheet)

Combustion Efficiency

Measurements of the proportion of CO, to CO produced should give the efficiency of the
combustion process, but analyser has failed, so this part of the experiment cannot be done.

Heat stored in the stove

The heat stored in the stove wall during the test period will be:

Q,=mC, A8
where m = mass of stove wall (= 8 kg)
Cp = Thermal capacity of stove wall (= 0.84 kJ kg~ K1)

A@ = difference between the mean temperature at the start (s) and finish (f) of the test.

mC —
So: 0,=—" l6, +6,)-(6, +6,)]
where i = inside wall and o = outside wall.
Temperature —
inside wall e Cp
G
~ Om =(6 + 6,)/2
Stove
wall Temperature
—outside wall
90

The temperature profile will only approach the above condition after the stove has been running for
some time and the wall temperatures are fairly stable. While temperatures are changing, the
temperature profile will be more like this:

Temperature —
inside wall Stove
& wall
Temperature
outside wall
90

The mean temperature is not a simple mean, so the above equation should only be used when
temperatures have reached a steady state. This is usually the situation at the beginning and end of

the test.



Heat Transfer from the charcoal fire to the pot

Since the temperatures are variable and somewhat uncertain, the following will only give an

w approximate result to the magnitude of the heat transferred by convection and radiation, but will
show if one or the other is dominant. Choose average or optimum conditions. These results
should not be used in the calculation of the overall efficiency of the stove.

Heat transfer coefficient for forced convection:-

hg, = 0.662 LL Re IL'Q Pr'/3 where Re = Reynolds Number, Pr = Prantd]l number.

c
The above equation is for a laminar boundary layer over the whole plate, and will give a pessimistic
value for the conditions under consideration.
U L : :
Re; =—=—5  Use values of the properties of air at the film temperature.
v

Film temperature = average of the air temperature and the surface temperature.
U, = free stream velocity (m s=1)
Calculate this from the measured airflow rate at the temperature of the gas under the pan. e.g. if the

flow rate of air is 3 1/s at 20°C (293 K) then the flow rate at a gas temperature of 800°C will be:

7 =0.003x 073 _ 0,011 m3s!
293

Therefore:  u, =0.011/Cross sectional area of stove at point just under pot.
- 4 x Area
L = Characteristic length = ——
Perimeter
k = Thermal conductivity
v = Kinematic viscosity

Heat transferred by convection:

Qc = haydc 4T

A, = effective area of pan in contact with the hot gas (a reasonable estimate in this case
would be the area of the pan up to the water line)
AT = temperature difference between the pan and the hot gas

Heat transfer by radiation

The heat transfer by radiation is the direct transfer from the hot charcoal plus the radiation from the
hot walls of the stove. It is assumed that all the heat that is radiated to the wall is reradiated and that
the losses from the wall are supplied by convection from the hot gas.

Emissivity of charcoal: &) = 1 (black body)

Pan
Emissivity of the pan bottom &= 0.4 (blackened

aluminium)

" . D
D A View factor ratio = —-
2 H

4 From graph (over page) obtain the geometric form factor '
D, (curve 5), then:

/
= 2 -1
I | .01 E,_zz{L+(L_1)D_g+(L_1)}
£, D; \¢g

Then from this the radiation heat transfer (Q,) is givenby: (, = F;'_ZO'AC<TI4 - T;)
o = Stefan-Boltzman constant = 5.6697 X 10-8 W m2K-4 A, = Area of hot charcoal

sd 3
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A Sankey diagram shows values expressed as widths on a graphical presentation:

Heat input
from charcoal
7661 kJ

Unburmt CO

217k

Water 968 kJ

Lid
61 kJ

\/

Steam
2234 kJ

Flue gas
Stove wall 1364 kJ

451 kJ

Heat in stove
2366 kJ

A Sankey diagram, showing heat balance in a Thai charcoal stove.

Overall efficiency = 968/7661 x 100 = 12.6%

Note: “Heat in stove” not shown as “lost”, but it is difficult to recover as useful heat.



Properties of matter
Thermal Properties of Air

efm

Temperature (K) 100 150 200 250 300 350 400
Density (ng m-3) 3.5562 2.3364 1.7458 1.3947 1.1614 0.995 0.8711
Heat Capacity (J kg''K1) 1032 1012 1007 1006 1007 1009 1014
.Kinematic Viscosity (m?2 s-1) 2.00E-06 4 43E-06 7.59E-06 1.14E-05 1.59E-05) 2.09E-05 2.64E-05
Thermal Diffusivity (m? s-1) 2.54E-06 5.84E-06 1.03E-05 1.59E-05 2.25E-05 2.99E-05 3.83E-05
Thermal Conductivity (W m-1 K-1) 0.00934 0.0138 0.0181 0.0223 0.0263 0.03 0.0338
IPrandtl Number 0.786 0.758 0.737 0.72 0.707 0.7 0.69
Temperature (K) 450 500 550 600 650 700

Density (kg m-3) 0.774 0.6964 0.6329 0.5804 0.5356 0.4975

Heat Capacity (J kg 1K) 1021 1030 1040 1051 1063 1075

Kinematic Viscosity (m2 s™) 3.24E-05 3.88E-05 4.56E-05 5.27E-05 6.02E-05 6.81E-05

Thermal Diffusivity (m2 s1) 4.72E-05 5.67E-05 6.67E-05 7.69E-05 8.73E-05 9.80E-05

Thermal Conductivity (W m™! K1) 0.0373 0.0407 0.0439 0.0469 0.0497 0.0524

Prandtl Number 0.686 0.684 0.683 0.685 0.69 0.695

Thermal Properties of Water

Temperature (°C) 0 20 40 60 80 100

Density (kg m-3) 999.8 998.2 992.2 983.2 971.8 958.4

Heat Capacity (J kg-1K") 4215.32 4182.49 4177.29 4185.35 4198.37 4214.16

Kinematic Viscosity (m2 s™1) 1.79E-06 1.01E-06 6.60E-07, 4.80E-07 3.70E-07 3.00E-07

Thermal Diffusivity (m2 s™1) 1.31E-07 1.43E-07 1.51E-07 1.55E-07 1.64E-07 1.68E-07,

Thermal Conductivity (W m! K1) 0.55 0.6 0.63 0.65 0.67 0.68

Prandt! Number 13:7 7 4.34 3.07] 2.23 1.76|

Thermal Expan coeff. (8) (K1) -2.40E-05 1.44E-04 3.81E-04 6.90E-04 1.04E-03 1.49E-03
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Introduction

We tested a Rutland 910 6-bladed wind turbine placed 1.8 meters from the output of a
wind tunnel. The turbine itself is 900 mm in diameter and is designed to charge batteries.

“ Honeycomb” exit

Pitot tube section 490 mm in AT
diameter J I !
A \ /)
> T eVl A= —
> > il > w" xﬁ_:b ”,\ .
Reading Wind Tunnel | A

Wind Turbine 4
and Generator

We can adjust the velocity of the air leaving the wind tunnel and use rheostats to vary the
load resistance on the turbine generator (which lets us adjust the output voltage of the
generator). A voltmeter and ammeter were connected to the generator output as shown.

1. Characterising the turbine performance for a constant voltage outpul.

Here we adjusted the wind velocity from the wind tunnel and the resistance load on the
turbine to keep the voltage of the turbine output constant and measured the current output
from the turbine in each instance. Our results are plotted below. (The data table is
included in the Appendix at the end of this report).

Characterisation of a Rutland 910 Wind Turbine (Reading)--Current (amps) vs.
RPM for a fixed output voltage

[®20 Volts @ 15 Volts 10 Volts 55 Volts %2.5 Volts @ 1 volt |

D T,y = e RS TSR
|
3.5
3
=
o 25
£
- 5 x ]
- X = 2
W 1.5 - o &
x .
e X o
1 L] <
. X
0.5 X ] L 4
L 4
0 T -
[+] 100 200 300 400 500 600 700 800 900 1000
RPM

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003 2



2. Characterising the wind turbine performance at constant wind speed.

For the next plot we kept the wind tunnel at three different, constant wind speeds and
varied the electrical resistance load on the turbine. For each wind speed we measured the
current output of the turbine and the turbine’s rate of spin in RPM. These performance
lines are superimposed over the “constant voltage” performance lines of the previous
MAL;«& \rv‘ el
Since the current from the generator is proportional to the torque it prevides, this
graph is a sort of plot of torque for various RPM for the wind turbine under various wind

speed conditions-— ——— '\"\c \ L’S cwctl tabile LL‘Y“(;‘ . \gjﬁ‘ it T G RFH*, -

graph.

Current output (amps) vs RPM for the Wind Turbine at Reading at Three different

fixed wind speeds

Windspeed = 13.6 m/s

3.5 - e

Windspeed = 12.2 m/s /

2.5

Current outpul from Turbine (Amps)
~n

, 7

N/ AN
L) N/

0.5 7 7

0 100 200 300 400 500 600 700 800
RPM

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003

900

1000

+ 136m/s

= 122m/s

- 102 m/s
e voIt trendline
=———2.5 volt trendline
——5 volt trendline
—remmsm=e-10) volts trendline
=15 volt trendline
20 volt trendline
s e \Windspeed = 12.2 m/s
annsseeser\Windspeed = 13.6 m/s |
smsmecoasei\\indspeed = 10.2 m/s |
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3. Plot of —I—vs. -
Ap Ap
Since
I t© C.(ipAv:&
—_— = = < p2 i ‘)= C, x someconstants
Ap v, Ve
and
o (M
n a_&=——-—“’("‘)a&£=x
-JAp ¥ Ve Ve

a plot of -A‘;vs.-ﬁp: is essentially the same as a plot of C, vs. A. By setting up the ratios as

we have this eliminates the particular wind speeds and provides a way to

interpret the data that is independent of particular operating conditions.

I/Ap vs. n/+/Ap for three different fixed wind speeds (Reading)

(1 is current in amps, n is RPM, Ap is Pitot tube reading in pascals)

[#446 Pa (13.6 m/s) B 361 Pa (12.2 m/s) 252 Pa (10.2 m/s) |

0.009 7 e

0.008 B

0.007

0.006

0.005 LI

0.004

1/aP (amps /Pa)
L)

0.003

0.002

0.001

0 10 20 30 40 50
RPM/+/Ap  (RPM/+/Pa)

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003
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Yolts x Amps /(v 24p)"3 (Watts/Pa™1.5)

4. Plot of — J._vs J_
77P _nc, & PAV )
Ap’ v v

=]

Since =, x someconstants

and
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a plot of ====vs.—== is essentially the same as a plot of C, vs. A. Setting up the ratios
NI 1Y) '

as we have eliminates the particular wind speeds and provides a way to interpret the data

that is independent of particular operating conditions.

Electrical Power/(+/Ap)A3 vs n/+/Ap for the Wind Turbine at Reading at three

different wind speeds

(Ap is pitot tube reading on wind tunnel)

|#446 Pam 361 Pa ZSZ_PaJ

0.005

0.0045

0.004 -

0.0035

0.003 S

0.0025 w

0.002

0.0015

0.001 T

-
0.0005 L2

0 10 20 30
n/+/Ap (RPM/+/Pa)

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003
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The physical reason why we are able to “collapse” the data for three different wind
speeds into a single graph has to do with the fact that the tip speed ratio A is in a sense a
“stand in” for the angle of attack of the turbine blade with the wind.

Vblade

Vivind

For example, in the lab frame
the blade moves in a
direction perpendicular to the
incoming wind from the wind
tunnel:

From a frame of reference
fixed on the blade, however,
the incoming wind velocity is
given by Voypuen

Vind

It should be clear from the diagram
that the angle of attack a is given by:

|l v .
a = cot 1( blaa’t.}

th‘nd

If we choose to measure v, at the
tip of the turbine we get

a=cot” A
where A is our tip-speed ratio.

The lift and drag coefficients for a particular wing profile are a function of the angle of
attack, and the angle of attack is directly related to the tip speed ratio rather than to a
particular wind or blade speed. So as far as the turbine blade is concerned, it cannot
“tell” the difference between turning slowly in a gentle wind or turning more rapidly in a
faster wind as long as the wind speeds are slow enough that the air flow over the wing
can be considered smooth. Thus the power and torque characteristics of such a turbine
blade can be related to A independent of the particular wind speed.

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003 6
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5. Data for the Marlec 910 for the Bristol Wind Tunnel

The Bristol wind machine is the same as the one we have in Reading, but was tested in a
larger wind tunnel. For the Bristol machine we are given Shaft Power vs. RPM data for
various wind speeds and are asked to produce a plot of nC, vs. A,

nP Shaft Power ~ Shaft Power
5 ($pAvs) ('le.ISn(%g)zv:)

Wecansay nC,=

o
and = <2 _ _&nt na@d

so we can calculate the required quantities from the data taken off of the graph (see the
Appendix for the data tables).

We can calculate the same quantities for the wind turbine at Reading. Here
= shaft power will be given by Voltage x Current,
= v, can be calculated from the Pitot tube measurements and knowing the dimensions

of the wind tunnel.

I2A Areaof exit

v P Area workingsection

[ o5t
vp(’z(z)) osiiy

900 mm diameter . |
wind turbine

Pitot tube measurements taken “ Honeycomb” exit
in 305mm x 305 mm square section 490 mm in
cross section of wind tunnel disneter & 0200000 e

N

\H

Airstream diameter
of 600 mm

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003 7
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wCp (power coefficient)

According to the actuator-disk model, the air leaving the wind tunnel should slow down
and spread by the time it hits the turbine. Ideally, the velocity of the wind at the turbine
should be 2/3 of v...

The continuity equation says that A ;.4 wuel exit Voo = A airstream at turbine(2/ 3 Vo)
This leads to:
m(Y = S’

= 600mm

Thus, even though the real diameter of the wind turbine is 900 mm, only 600 mm of it is
actually receiving any wind. In “real life” the turbine would be facing the full force of a Vg
full wind, but because of the limitations of our wind tunnel this leaves roughly half of \V/
each blade out of the wind and producing drag rather than power. We should expect that
the C, values for our turbine in Reading should be lower than those for the same turbine
tested in the much larger wind tunnel in Bristol.
In addition, when we go to calculate the tip speed ratio for the Reading turbine we
need to use a diameter of 600 mm rather than the 900 mm we use for the Bristol turbine.

Solving gives
D,

effective

nCp vs. A graph for the wind turbine in Bristo!l (large wind tunnel) and in
Reading (small wind tunnel) for various wind velocities

|08ristol 10 m/s @ Bristol 7 m/s Bristol 5 m/s ¥Reading 13.6 m/s XReading 12.2 m/s ® Reading 10.2 m/s j

0.45 P

*®
=
0.40 o

0.35

0.30

0.25

0.20

0.05 ﬁ X o

0.00 LS - : - : . ’
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

A (tip speed ratio)

The data matches what we would expect— For each turbine the data lie on essentially the

same curve, but the values for nC, and A are lower for the Reading turbine because of the
extra drag on the Reading turbine from the “extra” blade length and the smaller diameter

(leading to a smaller tip speed ratio for the same rotational frequency.

_ﬂ,\g‘ ) v\.x.cx.\ A« 0“-‘—"“&"“‘“‘

iy e

o S T
alost \&Mx C’t""‘\
C,-\'%N"&L'Lﬂ—)"ﬁh <H

Phillip Wolf, MSc. Course in Renewable Energy and the Environment, 2002-2003



Reading Turbine data

Voltage

20

20
20
20
20

15
15
15
15
15
15
15

(%, R 7, BT, W, BT, R Y, |

n (rpm)+3

pm

884.8
834.9
808.9
761.3
745.9
832.5

779.4
730.9
724.3
669.5
652.6
634.4
588.5

665.3
614.1
605.7

552
533.8
500.4
448.7

494.3
427.7
3737

371
318.1
279.9

345.6
273.6
268.8
227.9
225.9
172.1

200.1
178.7
145.6

| (amps,

| (amps,

analog)+0.02A digital)+0.08A

1.99
1.28
1.00
0.399
0.275
1.48

2.81
2.20

2
1.48
1.09
0.96
0.39

3.45
2.88

2.7
1.98
1.72

1.5
0.71

3.3
2:72
1.78
1.95
1.23
0.76

2.2
175
1.9
1.25
1.2
0.549

1.5
1.2
0.82

2
1.31
1.03

0.4
0.27
1.50

2.83
2.24
2.04
1.51

1.1
0.97
0.39

3.47
2.91
2.72

1.76
1.51
0.71

3.3
2.74
177

1.26
0.76

2.15
1.76

1:9
1.26
1.22
0.58

1.52
1.28
0.82

Data for wind speed equivalent to Ap = 446 Pa +0.02 Pa

\

20

15

10

8.6

7.6

5

2.5

1

n

884.8
779.4
665.3
626.3
598.5
494.3
345.6
200.1

Data for wind speed equivalent to Ap = 361

25
20
1.5
10
8

6

5
2:5
1
0.45

937.2
834.9
724.3
605.7
547.2

486
426.3
273.6
178.7
147.9

Data for wind speed equivalent to Ap = 252 Pa £0.04 Pa

20
15
10
7.5
5
2.5
1
0.53

761.3
652.6
533.8
464.2
3037
225.9
145.6
122.2

770

I(analog) I(digital)
1.99 2
2.81 2.83
3.45 3.47
3.52 3.58
3.6 3.63
3.3 3.3
2.2 2.15
L5 .52
Pa +0.08 Pa
0.54 0.54
1.28 1:31
2 2.04
2:7 2.72
2.87 2.93
2.78 2.84
2.58 2.6
1.75 1.76
1.2 1.28
1 1.06
0.399 0.4
1.09 1.1
1.72 1.76
1.92 1.97
1.78 177
1.2 1.22
0.82 0.82
0.735 0.73
0

v (m/s)

\

13.6
13.6
13.6
13.6
13.6
13.6
13.6
13.6

12.2
12.2
12.2
12.2
12.2
12.2
12.2
12.2
12.2
12.2

10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2

lambda
2.05
1.81
1.54
1.45
1.39
1:13
0.80
0.46

2.41
2.15
1.87
1.56
1.4
1.25
1.10
0.70
0.46
0.38

2:35
2.01
1.65
1.43
1.15
0.70
0.45
0.38
2.37

PO(Watts) P(watts) Cp

416
416
4186
416
416
416
416
416

303
303
303
303
303
303
303
303
303
303

177
177
177
177
177
177
177
177
177

39.8
42.2
34.5
30.3
27.4
16.5

5.5

1.5

13.5
25.6
30.0
27.0
23.0
16.7
12.9
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Marlec Pitot Measurements

RPM

225
280
325
385
445
510
560
620
675
755
780

(Del p)A0.5

o N

11
12
13
14
15
16

Del P

36
49
64
81
100
121
144
169
196
225
256

Data for the Marlec 910 Wind turbine at Bristol
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Fa WIND TURBINE EXPERIMENT
1. OBJECTIVES

The objective is to examine the behaviour of a small battery-charger wind turbine of 900
mm diameter.

2. PROCEDURE
24 Before the date of the test:-

(a) Read the general description and the technical data.

(b) Examine the apparatus and take note of units in which the instruments will
provide the variables to be measured. Also make note of the range for each
variable.

(©) Read the theoretical background.

(d) Read the test procedure and operating instructions. You need to prepare a test
data sheet with the appropriate formulas so that you can process the
measurements immediately.

2.2 During the test:

Make a note of the stability in readings and estimate the reading errors and
include any observations you might consider useful.

The test work is divided into two parts.

(i) The performance of the electrical generator is first examined by varying
the electrical load at constant voltage (5v; 10v; 15 v and 20 v) and
recording the rotational speed (RPM) and current (I) delivered.

Plot by hand [ versus RPM at each fixed voltage.

(i)  The performance of the wind turbine-generator at two fixed wind speeds,
recording electrical power should next be examined.

3.0 GENERAL DESCRIPTION

The wind turbine is located 1.8 m downstream of the exit of the wind tunnel,
which is of the open suction type, with a driving fan downstream of the working
section. The working section of 305 mm x 305 mm (12 inch x 12 inch) has a
Pitot-static tube mounted in it to enable the wind speed at that section to be
measured. The exit duct on the downstream side of the fan is of 490 mm
diameter. Here the flow is quite disturbed and issues as a free jet of air to impinge
on the wind turbine placed in its path. Not only is the free jet disturbed, it is also
of a smaller diameter than the 900 mm turbine. For this reason only qualitative
results of wind turbine performance can be made.



3.1

3.2
(a)
(b)

(©)
(d)

3.3

Technical Data
Rutland 910 Wind charger

o diameter 900 mm
¢ blade numbers 6

Plint 127 x 12” Wind tunnel

» working section (square) 305 mm x 305 mm
e exit section (circular) 490 m diameter

Pitot tube + manometer

o digital display (Pa)

Electrical resistances: two off
356 Q 33A

Avometers to measure current and voltage
Tachometer to measure rotational speed.

Starting the wind tunnel

make certain the on/off switch on the horizontal control panel is OFF and the
variable speed setting is at the lowest value,

turn the key in the control box clockwise.

push to green button and then turn the on/off switch to the ON position.
increase the speed of the wind tunnel.

Theoretical Background
For turbomachines

gH QO  Psh
n2p? pp3’ prz?’D5

For turbines these are usually re-structured as:

nD 0 Psh

—_— and
JeH D*[gH pDz(gH)%

In the case of the wind turbine, or free stream propeller the energy supply gH
(J/kg) is no more than the kinetic energy of the stream V%2 (J/kg) so the groups
can be re-written as:-



b i e A BB & AR =

.”nTD = A (Tip speed ratio)

Psh

1 .3
(ﬂp“”

where A is the swept area of the wind rotor («D?)

=Cp (Power coefficient)

The figure shows a typical performance Cp-X curve.

Cp _./

In the case of the test arrangement
Va,/Ap  (where Ap is the Pitot tube measurement in the working section)

and the power Py, ct EI (Volts x amps).

For the different wind speeds therefore & i should plot
V72 L

out as a single curve.
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4.0

Provided that the raw data at constant wind speed includes observations taken
when the voltage is 5v; 10v; 15v and 20 v; then the behaviour of the wind turbine
can be plotted on the generator characteristic, and will show the general form of
the Cr-2 curve.

5§V 10V 16V

16V
28V

Constant wind speed

RPM

THE WRITE-UP

The attached figure show tests performed on the WG 910 in a large Wind Tunnel
at Bristol.

Comax ® 0.375 A =643 A,=3.86

If it is assumed that the jet stream in which the wind turbine is placed in the
Reading tests, expands in an optimum manner after leaving the 490 mm exit
diameter, then only about 600 mm* of the rotor is in the flow. It is suggested that
Cp and A values for the Reading tests be calculated assuming that the effective

rotor diameter is 600 mm and the wind velocity is that which exists at the 490 mm
exit duct.

Compare these results with the Bristol data

* Note 490% V = 600> @—V)
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INTRODUCTION

wastes from the system are collected and “deactivated” usmg complex costly

systems, often involving extensive investment in infrastructure. In economic terms,
the whole system “works” (when it does work) because farmers can purchase the
required inputs on credit, and the production yields and profits are high enough to
cover the costs of the inputs. Such systems give preference to short-term financial
profits and do not consider natural resource degradation. (UNDP)

Such a process is not environmentally sustainable, in that one is constantly
“mining” the environment for energy and mineral inputs, and then paying to dispose
of the resulting wastes. It may also not be economically sustainable in that if market
conditions change so that the price for their product drops, farmers can find that the
price of system inputs and waste treatment can be more than what they can get for
their goods. +~

Applying this intensive model of agriculture to the developing world is bound
to cause problems, both environmentally and economically. Farmers there do not
generally have the resources to purchase the prepared feeds and fertilisers used by
their counterparts in the developed world. Development schemes that have tried to
mimic the “Western” model can collapse as soon as the donor aid is withdrawn. +~

At the other end of this agricultural model is the problem of waste disposal
“Conventional water treatment systems - highly specialized, costly and based on high
amounts of inputs and energy - are beyond the means of most small and medium-
scale farmers in the developing world.” (UNDP) In much of the developing world
“livestock waste management is still in its infancy or rudimentary stages. For example
many commercial pig producers simply drain pig manure or effluent into creeks,
streams and rivers. To, them, this is the easiest, most efficient, cheap and practical
method of waste disposal.” (Ajuyah, 1998) This has resulted in water “contaminated
with sediments, pesticides, animal manure, fertilizers and other sources of organic and
inorganic matter being dumped into streams, which deteriorates water quality, limits
its use downstream and causes a loss of valuable resources.”(UNDP) &~

Ideally, a successful and sustainable aoncultural system for the developing world

would be one that gives sufflclcnt yields to support a family (or community) based on § v
inexp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>