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INTRODUCTION

By the middle of the 21st century, the world’s urban population is expected to nearly double
from 3.4 billion in 2009 to 6.4 billion, bringing the percentage of people living in urban areas
to 70 per cent. Currently, about half of all urban dwellers live in cities of 100,000 to 500,000
people. Nearly 10 per cent live in megacities. Needless to say, all cities are dynamic and
complex ecosystems, requiring enormous inputs of energy and other resources. The urgent
need to address climate change and environmental degradation has led many urban
governments to adopt sustainability plans and blueprints, and also define goals of
sustainability in order to reduce their cities’ use of natural resources and their production of
wastes. At the same time, city governments, often working with a number of different citizen
groups, are continuously trying to enhance the liveability of their cities. In March 2012, in
recognition of its proven record in achieving economic growth and environmental
sustainability, Singapore was invited to join the C40 network of cities as an observer city.
This organisation is committed to implementing meaningful and sustainable climate-related
actions locally to address climate change globally.
In October 2012, the Energy Studies Institute at the National University of Singapore and the
Institut Français de Singapour organised an “Energy and Sustainable Cities Conference”
which brought together French and local speakers to discuss a range of issues pertaining to
urban design, the use of solar energy and microgrids in urban areas, air conditioning and
biogas. Urban areas are energy intensive and the energy consumption levels of urban
dwellers are generally much higher than those of their rural counterparts. Despite occupying
only two per cent of the Earth’s land cover, cities are responsible for around 70 per cent of
global carbon dioxide emissions. It is therefore imperative that we address their climbing
emissions if international global climate change mitigation efforts are to be successful.
Governments can and should play a decisive role in reducing the negative environmental
impacts of large urban conurbations. To some extent, Asia and Europe face differing urban
challenges, particularly because much of Asia is still in relatively early stages of economic
development compared to Europe. There is, however, commonality on issues of
environmentally sustainable urban energy policy and optimal energy utilisation.
This conference served as a timely platform to advance the mutual cause of sustainable
urban development. It also served as a forum to bring energy policy research in the two
regions towards closer alignment. In most urban industrial systems, energy and material
flows move in a highly centralised and linear fashion that results in little reuse and recycling
of either. The interacting effects of urbanisation and climate change can potentially result in
massive negative impacts upon all spheres of society. Yet, they also present unique
opportunities to develop technological, infrastructural and organisational innovations to push
urban centres towards a more environmentally friendly growth trajectory. The cities of the
future need to be far more energy efficient, cost-effective, technologically innovative and
holistically integrated systems. This event served as a forum to bring together people and
ideas from Europe and Asia to work towards achieving these goals.
By Melissa Low and Augustin Boey, ESI Energy Analysts
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KEYNOTE SPEECH

Keynote Speech by
Mr. Andrew Tan, CEO, National Environment Agency,
at Energy and Sustainable Cities' Conference,
Energy Studies Institute and Institut Français,
Grand Park City Hall Hotel,
9:00am, 24 October 2012
Mr. Marc Piton, Director of the Institut Français de Singapour,
Ladies and gentlemen,
Good morning,
INTRODUCTION
Let me first welcome our overseas guests from France who are here with us today.
Singapore and France enjoy strong relations that span many areas of cooperation, from
defence, science and technology, to education and culture. I have had the privilege of
working with our French colleagues when I was working in the Ministry of Defence and later,
in the Foreign Ministry. I am glad to have the opportunity to extend this cooperation to the
area of the environment and energy.
RAPID URBANISATION PRESENTS CHALLENGES TO GLOBAL ENERGY
RESOURCES – ASIA AT FULCRUM OF CHANGE
Today’s conference entitled ‘Energy and Sustainable Cities’, co-organised by the Energy
Studies Institute at the National University of Singapore and the Institut Français de
Singapour is timely and relevant, especially given the urban challenge the world faces in this
decade and beyond. Already, half the world’s population or three and a half billion people
live in cities. With rapid urbanisation, the world’s population in cities is expected to reach 5
billion by 2030 according to the UN. The UN Population Division envisages that the growth in
the number of cities will be predominantly clustered in East Asia and South Asia, especially
in countries like China and India.
This shift in the urban centre of gravity to this part of the world will be profound. Cities
present both challenges and opportunities. They are magnets for capital, talent and foreign
investments. Yet, unmanaged growth in these cities can lead to overcrowding and
congestion, poor living standards and infrastructural bottlenecks. By now, we know the
statistics. Cities occupy less than 2 per cent of the earth’s land, but account for more than
60-80 per cent of energy consumption, and generate 75 per cent of carbon emissions.
As the developing world urbanises, we will see greater competition for resources, water,
food and energy. Indeed, the World Bank estimates that about 80 per cent of the increased
demand for urban energy over the next two decades will come from cities in developing
countries. This will have major geopolitical, economic and social consequences. Adding to
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these challenges, many of these cities will also face the longer-term impacts of climate
change and extreme weather events thereby making energy, water resources and food
production more uncertain.
Whether we have all the elements of a perfect storm will depend on several key decisions
that governments and local governments must take in the coming years. How will cities be
powered? What is the desired energy mix? How do we price energy? How can we conserve
the use of energy? How can we better manage the nexus between energy, water, food and
other areas that depend on reliable sources of energy?
These are not simple questions to answer, particularly since the world has depended largely
on fossil fuels and will continue to do so in the foreseeable future. As Maria van der Hoeven,
Executive Director of the International Environment Agency commented, “Our addiction to
fossil fuels grows stronger each year. Many clean energy technologies are available but they
are not being deployed quickly enough to avert potentially disastrous consequences.”
However, I believe that within Asia where the urban explosion will take place, there are
tremendous opportunities for us to rethink the way cities should be built and organized in a
way that can optimize the use of our scarce energy resources, while sustaining the growth of
urban economies and reducing the greenhouse emissions. The rush to build eco-cities and
eco-towns are but one manifestation of these efforts to rethink cities as complex adaptive
systems where housing, transportation, industrial development and energy, food, waste and
water production need to be managed in ways that are even more interdependent than
before.
SINGAPORE’S CIRCUMSTANCES
Singapore faces similar challenges in the resource-constrained world of the future. Unlike
cities with a hinterland to support their populations, we are dependent on the rest of the
world for energy, food and other resources.
For water, we are aiming to become 80 per cent self-sufficient within the next 50 years by
ramping up desalination and Newater capacity. We are also turning 90 per cent of the island
into a water catchment to augment water production.
DIVERSIFYING OUR ENERGY SOURCES
However, our geographical constraints and lack of local resources mean that the strategies
to make ourselves self-sufficient in water – already a Singapore success story - may not be
replicable for energy. Since our economy is entirely reliant on imports of fuels, our energy
strategy involves diversifying the sources of energy. At the moment, we buy all of the natural
gas that our electricity generators consume from our neighbours in Malaysia and Indonesia.
As their energy needs expand, we will have to look for new sources.
Next year, Singapore’s first liquefied natural gas (LNG) terminal will come on-stream to
enhance Singapore’s energy security. The terminal offers geographical diversification of
LNG imports, making us less susceptible to price and supply risks by allowing Singapore to
import gas from countries all over the world to supplement our energy demand. LNG will play
an important role in helping to address Singapore’s energy challenges of energy security,
economic competitiveness and environmental sustainability.
MANAGING ENERGY USE BETTER
While we secure our energy sources, how we manage existing resources is equally
important. Singapore has adopted a competitive market model with no energy subsidies,
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which is important to provide the right market signals to push for efficient energy use.
Energy efficiency is a key strategy to reduce Singapore’s carbon emissions and we have
targeted a 7–11 per cent reduction of our business-as-usual emissions by 2020. Various
programmes are already in place, such as the Green Mark Scheme for buildings, the
forthcoming Energy Conservation Act, and the Carbon Emissions-based Vehicle Scheme
that target the different energy-consuming sectors to deliver the target through a whole-ofgovernment effort involving multiple government agencies.
PROSPECTS FOR RENEWABLES
For Singapore, which is located in the tropical Sun Belt, solar energy is a promising
candidate as a source of clean energy for the future. However, the potential of solar
photovoltaic electricity generation in Singapore will depend on availability of space, capability
of the grid to integrate such intermittent energy sources, and the cost effectiveness of solar
and storage technologies. The Energy Innovation Research Programme has set aside
S$195 million to promote research & development in the energy sector, including solar
energy. The R&D funding will help accelerate the growth of the clean energy industry in
Singapore and build on existing strengths such as solar energy R&D with particular focus on
photovoltaics for the tropics and for urban densely populated cities.
Less carbon intensive electricity will also help reduce emissions in the land transport sector if
road transport is electrified. A multi-agency electric vehicle task force is test-bedding electric
vehicles (EV) to test and gauge different EV prototypes and charging technologies in
Singapore’s urbanised environment and road conditions, to determine the feasibility of using
EVs in Singapore.
SMART GRIDS AND INFRASTRUCTURE
In order for these plans to bear fruit, we will also need to develop and build smarter
infrastructure, smart grids and more efficient energy transmission systems. The smart grid is
a key enabler for the integration of distributed solar energy that will improve the flexibility of
the grid to permit greater penetration of intermittent and variable energy sources. This is
therefore particularly relevant to Singapore with its integrated wholesale and retail electricity
markets and over time, will help bring down electricity cost. Singapore’s Experimental Power
Grid Centre, one of the largest experimental power grid facilities in the world, was officially
opened last year and several international companies are undertaking research there.
As you might be aware, more than 80 per cent of Singapore’s population live in dense HDB
apartments. We have established Punggol Eco-town as a focal point for test-bedding urban
solutions of the future but half of the HDB estates are mature building stock with older design
and equipment. Renewing mature estates is a window of opportunity and studies such as
the Resource Profiling Project, which focuses on Tampines Town, strive to understand the
energy use patterns of a mature town and to find cost-effective technology solutions to
reduce energy consumption. HDB’s Greenprint is a comprehensive and integrated
framework of goals and strategies to guide greener HDB town development and create
sustainable homes. Under the Greenprint, HDB will introduce green and sustainable
lifestyles to other towns beyond Punggol, so as to build Green Neighbourhoods, Green Flats
and Green Communities.
SMART RESOURCE EFFICIENT CITY
Singapore’s current efforts are important first steps on the long road towards a sustainable
low-carbon society. However we have to look further so as to prepare ourselves for a future
resource-constrained world. How can Singapore develop into a smart, resource efficient city
that can best optimise its water and energy use, while recovering energy and resources from
5

other sources?
For example, we are already recovering energy and ferrous metals at our waste-to-energy
plants, where all our incinerable waste is currently disposed, but want to go beyond this so
that we can maximise the recovery of materials from our waste streams to produce energy
and conserve resources, while extending the life of our one and only offshore landfill on
Semakau Island.
Also, how can we integrate technologies and information to reduce resource requirements?
At the National Environment Agency, besides promoting energy efficiency amongst
households and industry, we are therefore creating an Integrated Environment System or
Smart Environment System that will bring together all our air, land and water sensors to
provide real time information and analytics that will provide useful inputs to our agencies to
assist them in managing their operations and resources, including energy, better.
CONCLUSION
Further research and innovation are obviously necessary to develop integrated urban
solutions to meet our future challenges. The Government has given this a push under the
National Research Fund with the first National Innovation Challenge ”Energy Resilience for
Sustainable Growth” for which $1 billion has been set aside. Further funding has also been
set aside for ways to optimise land and building a more sustainable and liveable city. What
we can achieve in Singapore can perhaps pave the way for others to learn from our
experiences, in the way we hope to learn from countries such as France.
This conference serves a useful role in connecting the research communities of France and
Singapore. I would like to thank the Institut Français and the Energy Studies Institute for
putting together the interesting programme and the Embassy of France for linking up the
parties. The discussions are highly relevant to Singapore and I hope there will be lessons
drawn that can be shared with the research community and policy-makers in Singapore.
Finally, speaking as a Fellow of the Centre for Liveable Cities (CLC), I should add that
through strategic platforms such as the World Cities Summit and World Mayors’ Forum
organised by the CLC, we are creating and providing opportunities for mayors, governors
and municipal authorities at the cutting edge of change to exchange their knowledge and
expertise in the areas of urban planning and management. The next Summit will be held in
2014 and I hope that you can join us there.
I wish you a fruitful conference. Thank you.

6

KEYNOTE SPEECH
Towards a Sustainable Energy Mix:
Electricity Production, Energy Consumption and
Consumer Behaviour in Energy Efficiency
Dr. Didier Kechemair
Independent Consultant on Energy Strategy, Innovation and
International Partnerships, Paris, France

Dr. Didier Kechemair began his presentation by discussing the positive correlation between
population growth and energy consumption, which he added was especially marked in Asian
cities. Fossil fuels will remain the dominant source of energy for transportation and electricity
production, thus adding pressure on governments seeking to address energy security and
climate change.
Citing the International Energy Agency’s rural electrification statistics, he noted that tackling
energy poverty is geopolitical in nature and is not solely a concern in the developing world.
In France, 3.8 million families spend more than 10 per cent of their disposable income on
energy. Thus, they are considered energy poor, albeit in a different context. To create a
sustainable energy mix, countries must step up their efforts to diversify electricity production
from various sources. Dr. Kechemair noted that due to added consumer awareness about
renewables and the environment, it is important to take into account the global life cycle of
renewable energy systems and to measure the real impact that such a push to renewables
would have on local industry and job creation.
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On the demand side, he emphasised the role of energy efficiency and energy intensity
improvement. Quality of life is a major driver of increased energy consumption, and it
remains to be seen if there can be a correlation between improving quality of life both at
home and in the workplace with the simultaneous improvement of energy efficiency. To this
end, Dr. Kechemair said that commercial buildings and tertiary sectors have the highest
potential for energy savings. Figure 1 provides estimates for full energy saving potential in
various end-use sectors. According to the European Commission, 40 per cent of the world’s
energy is consumed in buildings while process heat applications in the tertiary sector
account for up to 35 per cent of potential savings in 2015.

Sector

Energy
Consumption
2005 (Mtoe)

Energy
Energy
Full Energy
Consumption
Saving
Saving
2020 (Mtoe)
Potential 2020
Potential
(Business as usual)
(Mtoe)
2020 (%)

Households
(residential)

280

338

91

27

Commercial
Buildings
(Tertiary)

157

211

63

30

Transport

332

405

105

26

Manufacturing
Industry

297

382

95

25

(Source: European Commission EU-25 baseline Scenario and Wuppertal Institute 2005.)
Figure 1: Estimates for Full Energy Saving Potential in the End-use Sectors
However, several barriers exist in achieving energy efficiency, including supply-side issues,
principal-agent problems, cheap or subsidised energy, lack of knowledge, lack of access to
capital, long payback periods, resistance to change in industry (for processes) and a lack of
measurement techniques for efficiency gains.
Dr. Kechemair noted that metering and feedback are important steps in the journey towards
an energy efficient economy. However, noting cultural variations, he said that beyond
measurement, the conveyance of energy consumption and feedback is important because
graphic designs aimed at providing visualisation and ease of understanding sometimes run
the risk of being evaluated as “childish” and “unclear”.
While it is helpful to provide homes and offices data with energy efficiency goal-setting
interfaces, historical trend-lines and displays, utilities and/or governments developing such
technologies should avoid provision of too much data, as this can be confusing for
consumers.
As for energy efficiency in buildings, Dr. Kechemair revealed that case studies of EU cities
have shown that regulatory standards seem to have had a greater impact on innovation for
energy-demand reduction than energy prices or research and development support.
Legislation plays a central role in ensuring that developers comply, but it must be
complemented with measures aimed at influencing consumer behaviour with regard to
energy use.
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In concluding, Dr. Kechemair emphasised the cultural aspects in garnering public
acceptance and buy-in towards creating sustainable cities. While economics and industrial
realities are important, a paradigm shift is required to change the behavioural patterns of our
societies, such that we use less energy while enjoying the same or improved quality of life in
cities.
Summarised by Melissa Low, ESI Energy Analyst
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Assessing Energy Performance
in the Context of Cities’ Sustainability
Dr. Malone-Lee Lai Choo
Director, Center for Sustainable Asian Cities,
School of Design and Environment,
National University of Singapore, Singapore

Dr. Malone-Lee Lai Choo began by highlighting that cities today stand in the forefront of the
global sustainability agenda. Stressing that much of the urbanization and other aspects of
growth are likely to take place in the two major continents of Asia and Africa, she pointed out
that Asia already has a number of mega-cities and that the ecological footprint of these cities
is already in excess of five hectares per head, and is increasing. She went on to say that we
are likely to see greater growth of Asian cities, notably in China, fuelled by rural-urban and
international migration (see Figure 1).
Citing the United Nations HABITAT and United Nations Economic and Social Commission
for Asia and the Pacific (ESCAP) publication entitled, The State of Asian Cities 2010/2011,
Dr. Malone-Lee noted that the growth of Asian cities may not be environmentally
sustainable. Air pollution alone causes as many as 519,000 premature deaths in Asia every
year. Energy, water and food have also become critical challenges, and resource constraints
will be aggravated by climate change. Urban planners must better understand the
interconnectedness of food, energy and water. The water demand projections to satisfy
agriculture and energy production must be considered in tandem with the primary demands
for energy.

10

Figure 1: China’s Urban/Rural Population Growth (Source: www.offnews.info)
Governments must grapple with the mammoth task of meeting the energy needs of their
large and growing urban agglomerations. Dr. Malone-Lee highlighted several interlinked
issues between urban development and energy.
The first is the growth of consumption-oriented spaces to meet the needs of the residential
and working population in cities, which is manifested in the new and transformed urban
landscapes and skylines. This has major impacts due to the concentration of residential and
commercial facilities in inner city areas and the increased density of spaces that are already
very crowded. However, she pointed out that densification is not entirely a bad thing, as
compact urban forms present the opportunity and potential of developing the public transport
sector and reduced dependency on travel. To illustrate this, she discussed the correlation
between urban density and transport-related energy consumption in various cities (see
Figure 2) and the academic arguments related to it.
Dr. Malone-Lee cited Hong Kong’s compact urban form and land use planning policies as an
example of a city form which permits high density for both residential and commercial uses.
Land use is closely integrated with the urban transport system in order to reduce the need
for travel. Mixed and fine-grained land use typologies with robust public transport networks
are known to reduce overall energy use and carbon emissions.
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Annual petroleum use per capita adjusted to US MJ (1980)
After Andrew Write Associates, small section taken from ‘Towards an Urban Renaissance’.
Urban Task Force Partnership, 1999, © DETR, 1999
(Source: Licensed under CC BY-SA 3.0, https://en.wikipedia.org/wiki/File:Petrol_use_urban_density.svg)

Figure 2: Correlation between Urban Density and
Transport-Related Energy Consumption in Cities
A parallel phenomenon in many Asian cities is the horizontal expansion of cities. Apart from
encroaching into productive agriculture land, this gives rise to inefficient land use patterns
and transport systems, with wide-ranging energy implications.
In her concluding remarks, Dr. Malone-Lee pointed out that it is crucial for city planners to
begin to understand and address the policy, technological, economic, political and social
challenges necessary for sustainable energy practices in their urban regions. To this end,
indicators must be developed to benchmark and measure cities’ sustainability in terms of
energy, air, water, food, green space and transport. Governments must work towards
creating regenerative cities that are resource-efficient and low carbon-emitting, and which
positively enhance rather than undermine the ecosystem services they receive within and
beyond their boundaries.
Summarised by Melissa Low, ESI Energy Analyst
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Grenoble EcoCité
Mr. Laurent Gaillard
Director, Grenoble City’s Planning and
Sustainable Development Department, France

Grenoble is a small and dense city in the Rhone-Alpes Region in southeastern France, with
a population of about 700,000 inhabitants. The proximity of the mountains – as well as its
status as the most populated city of the Alpine region before Innsbruck and Bolzano – has
led to the city to become known in France as the "Capital of the Alps".
Mr. Laurent Gaillard, noting that developing a positive energy strategy in urban projects is
the shared responsibility of both public and private stakeholders, explained that for
Grenoble, this meant experimenting first with a functional eco-city at the district level before
scaling up to the city level. Historically, the economy of Grenoble and the surrounding areas
was based on mining and heavy industry. The De Bonne Eco-District in Grenoble has
worked towards providing energy efficient transportation and a good social and functional
mix of infrastructure and people (see Figure 1).
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Figure 1: Artist’s Rendition of De Bonne Eco-District
To do this, the city planners had to convert a historically significant site which used to house
an ancient military barrack. They also had to overcome many challenges to make the district
environmentally friendly. Guided by the European Directive on Energy Efficiency and
Renewable Energy, Grenoble’s city planners enlarged the city centre, added a new tramline,
built an eco-friendly shopping centre and created a five-hectare park.
These greening efforts won the Grenoble’s city planners the first national award for
sustainable districts – the Grand Prix National EcoQuartier in 2009, beating 27 other
projects. The Grand Prix National EcoQuartier initiative was launched in 2008 as part of the
Sustainable City Plan Department and De Bonne’s win highlights the fact that the city is
sustainable in all respects, not just energy (see Figure 2).
The objective of city planners was to reduce energy consumption by 30-40 per cent
compared to the current construction standards. Steps were taken to equip buildings with
solar panels that could provide 45 per cent of the hot water needs, and also double flow
ventilation with heat recovery. Homes were fitted with energy efficient appliances and highly
efficient windows for insulation. These efforts have helped reduce the energy used for
heating by 50 kilowatt-hours per square metre per year (kWh/m2/yr); for sanitary hot water
by 35 kWh/m2/yr; and electricity consumption in the common areas by 4.4 kWh/m2/yr.
Education is playing a role in developing eco- and social-consciousness amidst the city’s
residents. For example, a primary school was designed with bioclimatic architecture that will
have 17 classrooms fitted with energy efficiency equipment for students to begin learning
about sustainability from a young age. Mr. Gaillard mentioned that building managers need
to invest in training for staff because people’s behaviours are pivotal in any building’s use of
energy.
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Figure 2: Plan of De Bonne Eco-District
The district boasts France’s first positive energy office building – Zac de Bonne – which
features a green roof, gardens in each block, solar panels for water heating, double flux
ventilation, wood frame windows and a highly insulated building façade. Mr. Gaillard added
that the building’s construction processes were carried out in the most sustainable ways
possible.
The construction of De Bonne Eco-District was a huge learning experience for the planners.
Analysis of the data derived from monitoring the performance of the buildings over two years
resulted in a deeper understanding of the necessary steps to create a truly sustainable city.
Retrofitting of existing buildings was given top priority and Mr. Gaillard said that much of the
success came about due to many building owners taking the initiative to change old heating
systems, paint their facades with more efficient colours for insulation and replace window
panels with more insulated ones.
In all, Grenoble demonstrates the potential for cities to integrate both top-down and bottomup city planning focusing on sustainability.
Summarised by Melissa Low, ESI Energy Analyst
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Future Grid Scenarios for Urban Areas
Dr. Ashwin M. Khambadkone
Associate Professor,
Department of Electrical and Computer Engineering,
Faculty of Engineering,
National University of Singapore, Singapore
Programme Director, Experimental Power Grid Centre,
Institute of Chemical and Engineering Sciences, A*Star, Singapore

Dr. Khambadkone began his presentation by noting that power generation capacity
worldwide must increase three times by 2030 to meet expected energy demands (see Figure
1). This increased power generation necessarily implies a concomitant rise in environmental
impacts. Thus there is a simultaneous and increasing need for the design and
implementation of power grid systems that mitigate the projected increases in greenhouse
gas emissions from power plants. As accelerating urban growth promotes energy
consumption, the key issue is how this growth can be managed sustainably. Smart grids can
play an important role in reconciling the growth of urban systems worldwide with climate
change concerns.
The current power grid infrastructure delivers power reliably and efficiently. It differs from a
smart grid because it is characterised by a one-way electricity flow from generating plants to
the load centres through the transmission and distribution networks. Implementing smart grid
technologies does not necessarily require a complete overhaul of the existing network.
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Instead, converting the existing grid network into a smart grid will be a step-by-step process
as new features are integrated into the existing grid.
Dr. Khambadkone highlighted some of the challenges arising from integrating renewable
forms of energy into this evolving smart grid. The largest challenge stems from the fact that
renewable energies are intermittent in nature and are geographically dispersed. This gives
rise to varying cost implications. Wind energy, for instance, is cost effective at the multimegawatt scale as deployed in wind farms while solar PV generation is cost-effective at the
kilowatt scale. The nature of the grid network influences the load demand differences (peak
loads) and characteristics. Smart grids are better equipped to handle large scale deployment
of solar PV generation.

Figure 1: Projected Growth (%) in Electrical Power Generation and Energy Consumption
from 1990 to 2030
Dr. Khambadkone showed that prediction or adaptation measures must be in place to deal
with solar generation intermittency. Storage and demand response solutions are also
necessary to deal with seasonal demand and production variations. For consumers, a large
amount of integration will also require storage systems to store surplus generated electricity
so as to protect their equipment from excessive voltages. This challenge is particularly acute
for land-scarce areas with uniformly low relief such as Singapore. By contrast, in larger
geographical areas such as in Europe, the system can automatically reduce the power
generated from renewables through methods such as pumped-storage hydropower.
Moving from a centralised to a distributed system will require a paradigm shift in how we
think about the grid network. Dr. Khambadkone emphasised that instead of thinking of smart
grids as a massive hierarchical network, we should think in terms of a “grid in grids” network
(see Figure 2). This new distributed grid architecture has a number of advantages over the
current system.
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Figure 2: Interconnected Subgrids as Grid in Grid: a Decentralised Architecture
The grid can create optimal power dispatch in each customised sub-grid based on the
unique markets and power consumption needs of each grid-in-grid. They can also sell to
other sub-grids. An advantage of this grid-in-grid system is that it can deal with different
performance requirements in different sub-grids through utilising distributed intelligent control
technologies to create intelligent demand response to local information. Dr. Khambadkone
presented an overview of the experimental power grid centre in Jurong to illustrate some of
the principles of distributed and intelligent clustered grids. The biggest change for
consumers in smart grids is that their roles within the power supply system will shift. Instead
of being passive consumers of electricity, they will become ‘prosumers’, i.e., both producers
and consumers of electricity.
Summarised by Augustin Boey, ESI Energy Analyst
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Sustainable Cities and Smart Grids
Mr. Pablo Viejo
Sustainable Cities Chief Officer for Singapore,
Électricité de France R&D, Singapore

More than half of the world’s population now resides in urban areas. With increasing
urbanisation and rural to urban migration, cities are continuing to grow larger. This rapid
growth is being accompanied by an accelerating need for electricity and other energy
sources. Currently, more than 80 per cent of global energy demand already originates in
cities. As the already large urban environmental footprint will definitely expand further, the
key environmental question for the 21st century is unavoidably related to urban development.
But this sustainability challenge is one that has a definite geographical character. As much of
the developed nations’ urban areas have already plateaued in growth, it is the rapidly
developing nations and their cities which will bear most of the weight of this challenge. In
particular, Asia’s continued rapid economic growth will require both massive amounts of
energy and technological innovation in order to ensure a more sustainable growth trajectory.
Power grids must not only handle their energy loads sustainably but also simultaneously
provide a secure and high-quality supply of energy to urban consumers. The power grids of
sustainable cities must be able to meet a number of energy-related requirements, including
controlled use of resources to reduce energy consumption and greenhouse gas emissions
and effectively integrate renewable energies. Smart grids are one way to meet these
requirements.
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In describing the situation in France (see Figure 1) Mr. Viejo explained that increasing
amounts of electricity will be generated from wind farms and solar photovoltaic installations.
At the same time, planners need to factor in the expected increase in the number of electric
vehicles that will be put on the roads. The power grid must therefore be intelligent enough to
cope not only with the demand peaks and troughs caused by electric vehicle integration, but
also the supply fluctuations created by the intermittent nature of renewable power
generation. This necessitates the development and implementation of a number of smart
power grid features, such as the integration of peak shaving and demand shaving measures.

Figure 1: Smart Grids: The French Context
Figure 2 portrays some recent developments in response to these challenges. For instance,
the industrial development of battery storage has been proceeding in the area of load
response and storage. There have also been efforts to enhance household energy
consumption information and control with new services such as the “Linky” system
implemented by the Électricité de France (EDF). This system is an advanced metering
system that was successfully test-bedded in Indre-et-Loire and Lyon in France from 2009 to
2011 and will be installed throughout the country by 2020. On a broader infrastructural front,
power grid development has evolved from an automated network to a smart network with
changes implemented in the distribution, transportation and management of resources.
Smart grids require consumers to change from playing a passive energy consuming role to
an active ‘prosuming’ one. In the sustainable cities of the future, consumers play a key role
as producers of decentralized energy. New consumer-centric grid infrastructure, such as
smart meters, will enable them to play this ‘prosumer’ role effectively. However, this must
occur in the context of a broader infrastructural update of the power grid to align it towards
smart grid solutions.
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Figure 2: New Developments in Smart Grid Technologies
Smart grid technologies will help ensure the sustainability of urban energy consumption by
enhancing the security of high-quality energy supply while reducing energy consumption and
GHG emissions. Sustainable cities will become a reality only if smart grid technologies are
put into place.
Summarised by Augustin Boey, ESI Energy Analyst
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Low Energy Air Conditioning
Dr. Chua Kian Jon, Ernest
Assistant Professor, Department of Mechanical Engineering,
Faculty of Engineering,
National University of Singapore, Singapore

Air conditioning has become a fact of urban life for its productivity-enhancing and thermal
comfort-enhancing benefits. This is especially true for rapidly growing cities in the tropics.
Yet, air conditioning is also highly energy-intensive and the established technologies used in
air-conditioning systems are at odds with the global need to contain anthropogenic carbon
emissions to mitigate climate change. It is in this context that Dr. Chua presented his case
for an innovative low energy air conditioning system. He noted that there are numerous
barriers impeding the efficient use of air conditioning in tropical climates. Crucially, there is a
‘double whammy’ effect on energy consumption as conventional air conditioning systems in
hot-humid climates must both cool and dehumidify the air. Furthermore, compressor
technology efficiency is coming to a plateau and further efficiency improvements will
therefore likely need to come through breakthrough innovations rather than incrementally.
Dr. Chua and his team of researchers’ solution for a greener air-conditioning technology
involves implementing a system that combines a novel nano-woven membrane for
dehumidification with a higher temperature chilled water system with lower heat loses (see
Figure 1). In this way, cooling and dehumidification is decoupled and consumed cooling
energy is markedly reduced. As air conditioners typically contribute around 60 per cent of the
energy consumption in buildings, this decoupling can potentially improve the carbon footprint
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of buildings. Dr. Chua is aiming to halve the energy consumption for air conditioning in
buildings through this innovative air-cooling technology.

Figure 1: An Overview of the Proposed Low Energy Air Conditioning System
Dr. Chua presented a brief overview of the technology and benefits of this air conditioning
system. Since it does not need to work to remove the humidity from the air, the chilled water
temperature can be raised from 5/10 degrees Celsius to 12/18 degrees Celsius. This will
improve chiller performance by at least 40 per cent. The novel desiccants made from
composite materials can easily improve efficiency by another five to ten per cent.
Commercial desiccants are made of silica gel and require high temperatures to remove their
moisture for re-use. This adds to the energy cost of air conditioning. Dr. Chua’s hybrid
system, comprised of both membrane and desiccants, is able to effectively remove water
vapour from the atmosphere. This removes the energy-wasting need to cool the air till it
condenses into water and then re-heating the air till it is the right temperature that is typical
in conventional HVAC systems.
Controlling the key properties of the thin membranes is fundamental to the composite
desiccant system. Utilising nano-technologies, Dr. Chua and his team are able to tune
membrane pore sizes, control the pore distributions and improve the mechanical strength
and durability of the membranes used for air dehumidification. The nano-woven membranes
thus have greater capacity for moisture removal than conventional desiccants and prolong
the adsorption period before moisture saturation points are reached. Accordingly, these
membranes’ adsorption capacities are around three to four times higher than that of silica
gel at high relative humidity. Other benefits of this system include air disinfection capabilities
with photocatalytic particles impregnated into the membranes and the easy integration of
these air dehumidifiers into new or existing HVAC systems.
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Figure 2: Proposed Application of Hybrid Cooling Technology in District Cooling Systems
This low energy air conditioning system has wide applications beyond commercial and office
buildings and can be used in other buildings that require a supply of clean air with low and
controlled humidity, such as hospitals and semiconductor wafer fabrication plants. There are
also further proposals to lay a chilled water system throughout Singapore to exploit the
unutilized heat at Singapore’s power plants that can utilise this technology. The proposed
co-generated district cooling would realise more energy savings due to the economies of
scale (see Figure 2). In summary, the innovative air cooling system proposed by Dr. Chua is
a low-cost, energy efficient, mechanically robust, resilient and easily integrated system that
could herald a new era in air conditioning and cooling systems.
Summarised by Augustin Boey, ESI Energy Analyst
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Routes for Air Conditioning Improvements
Emeritus Professor Francis Meunier
Director, Industrial Cooling Institute, Paris
Air conditioning is a ubiquitous feature in the cities of economically developed nations and is
also quickly becoming a fixture in the cities of less developed ones. However, air
conditioning is inherently an energy intensive activity. Technological improvements and
innovations in air conditioning technologies and techniques are thus important to meet the
global challenge of climate change mitigation. The big challenge in reducing the electricity
used for air conditioning can be addressed by various means, including the use of renewable
energy, making improvements during component selection and improving the process
concept.
Amongst renewable energy, the use of solar-powered air conditioning is a first way to reduce
electricity consumption but geothermal energy must also be considered as will be seen later.
Process concept improvements can be achieved through free cooling, for example for data
centres, as well as through efficient district cooling contributing then to reduce strongly
electricity consumption and CO2 emissions.
Dr. Meunier noted that when planning these routes towards air conditioning improvement,
the different regional environmental characteristics must be kept in mind. Singapore, for
instance, being a tropical country has the problem of dehumidification which prescribes air
conditioning. Air conditioning electricity consumption depends on its heat sink temperature.
One of the ways in which air conditioning systems can be improved is through the use of
water as a heat sink instead of ambient air.
There are a number of drawbacks associated with the use of ambient air for the predominant
heat sink in conventional air conditioning systems. More specifically, hourly and seasonal
temperature variations can cause air conditioners to work harder and consume more
electricity during hotter periods. Using ambient air as a heat sink can also exacerbate the
heat island effect in urban areas. Conversely, the use of open water bodies such as lakes,
rivers and the sea has two advantages over the use of ambient air to serve as an air
conditioning heat sink (see Figure 1).

Figure 1: Example of District Cooling System Using Water Loop in Geneva
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Firstly, unlike the ambient air, these water bodies generally have nearly constant and lower
temperatures (if they are not extracted at the surface but deeper). This means that the
efficiency of the chiller will be improved and thus the energy used for cooling will be reduced.
Secondly, using water as a heat sink does not contribute to the urban heat island effect.
Water bodies are generally employed as heat sinks through the use of water loops and can
achieve a significant reduction in electricity consumption over conventional methods.
To illustrate the performance benefits of using open water bodies as air conditioning heat
sinks, Dr. Meunier used the example of the cool sea loop in the Mediterranean Sea. In this
case, more than a two-fold reduction in electricity consumption is possible with sea water.
He discussed three different technical applications of the cool sea loop in order to show the
advantages and disadvantages of each method. With Singapore surrounded by sea, the use
of water sea loop could therefore be envisioned to strongly reduce electricity consumption
for air conditioning.
The use of geothermal energy is another way through which air conditioning systems can be
improved. Dr. Meunier spoke about using geothermal springs as a heat source to provide
the energy to drive absorption chillers instead of the compressor chillers used in
conventional air-conditioning systems. He mentioned that this method has more potential in
Indonesia as it has more geothermal energy but is still possible, to some extent, in Malaysia
and in Singapore (see Figure 2).

Figure 2: Geothermal Springs in Malaysia and Singapore
However, geothermal drilling is very expensive and it is necessary to optimise the energy
extracted from a geothermal source in order to justify the cost. Thus, if geothermal air
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conditioning is already possible, for example, using an absorption chiller in series with an
adsorption one to optimise the energy extracted from the geothermal drill, some innovative
research to improve the sorption chiller could potentially drastically reduce electricity
consumption by a factor of 5 to 10.
As a conclusion, electricity consumption reduction for air conditioning is possible and it will
not be achieved through a unique solution but through a variety of solutions including
renewable energy (solar as well as geothermal) and process concept (free cooling, efficient
district cooling, cool sea loop). Electricity savings ranging from 30 to 80 per cent can be
achieved but research is still necessary to reach the most ambitious target of 80 per cent
reduction.
Summarised by Augustin Boey, ESI Energy Analyst
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A Decentralised Urban Resource Recovery (DUR2) System
Dr. Wang Jing-Yuan
Associate Professor, School of Civil and Environmental Engineering
Nanyang Technological University

“Waste is not waste”, was the key message of Dr. Wang’s presentation. He noted that our
industrial system functions primarily in a linear fashion that results in only six per cent of
material flow ending up as products. This has particular significance in the area of sewage
treatment. In Singapore, our waste management system is a central waste management
system. Such a system is expensive in terms of consumption of water, energy and
infrastructure investment. The disposal of residues via incineration and landfill methods also
contributes to stress on the environment.
By contrast, a decentralised waste management system offers reduction of water
consumption at both the household and sectoral level, leading to reduction in waste water
treatment costs. In addition to that, it also reduces energy consumption of waste collection
and transportation. The investments needed to set up decentralised waste management
systems are also lower than those of a centralised waste management system. The DUR2
system offers additional advantages that include recovery of nutrients, fertiliser, and more
importantly energy.
Dr. Wang explained that the DUR2 Concept primarily involves separating waste material
streams into brown water, yellow water and grey water at the household level. Such
separation techniques employed at the household level greatly enhance the recovery of
nutrients, purified water and other useful residues. Dr. Wang also stressed that on a larger
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scale, this “new concept” can minimise waste production. The conversion of recovered
materials may be the most important advantage of the DUR2 system, as higher “qualities” of
recovered materials translate into higher yields of biogas, compost and other useful
resources. Figure 1 shows the layout of the proposed decentralised urban resource recovery
system.

Figure 1: Layout of a Decentralised Urban Resource Recovery System
Dr. Wang went on to say that the DUR2 system can be utilised in a wide variety of situations.
Cities and towns with limited water supplies or small budgets for infrastructure, new
extension areas of big cities and new decentralised living and working quarters such as
resorts, military camps and working quarters can take advantage of decentralised waste
management systems. Communities can become renewable resource recovery centres
where small-scale biogas production units can augment the community’s energy supplies.
Dr. Wang explained how the separation of brown and yellow water can be carried out
conveniently at the household level, for example, a “no-mix toilet” which separates the yellow
and brown water. Although such a design could face difficulties in terms of public
acceptance, it could save as much as 90 per cent of water consumption during the flushing
process. Another innovative household technology is a specially adapted kitchen wash basin
and garbage grinder system which separates out the solids (see Figure 2).
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Figure 2: Separation of Brown Water, Yellow Water and Kitchen Waste
Much research is still being done to optimise liquid-solid separation and improve the quality
of the resulting fertilisers as part of the nutrient recovery process. Another research area is
systems which can control the levels of micro-pollutants and odour via pathogen inactivation
processes and integrated odour control mechanisms. Other technical aspects of the DUR2
system include a decentralised community co-digestion and co-composting system.
An important aspect of the decentralised waste management system is the conversion of
waste to energy. Waste water treatment systems, which produce electricity and hydrogen
with the development of microbial fuel cells (MFC), and microbial electrolysis cells (MEC),
respectively, are being test-bedded at the Nanyang Technological University (NTU). Using
the existing waste water, the stacking of MFCs at NTU has been able to produce 3 volts of
output.
In summary, the DUR2 system, involving the separation of waste, nutrient recovery and
energy recovery through new technologies, is clearly a solution in urban sustainable waste
management. A decentralised urban waste management system, it can bring communities
one step closer to becoming much more sustainable in terms of energy and water use.
Summarised by Kamal Soundararajan, ESI Energy Analyst
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French Methanation Progress: Opportunities for Singapore
Mrs. Nadia Boukhetaia
Project Leader for Biomass Energy, Biofuels and Green Chemistry,
General Directory for Energy and Climate,
Ministry of Ecology, Sustainable Development and Energy, France

Mrs. Boukhetaia began her presentation by stressing that biogas is a good way to develop
renewable energy in both France and Singapore. As of 2011, biogas production accounted
for only 1.8 per cent of primary renewable energy production (see Figure 1). Plans to raise
the contribution of biogas in the renewable energy mix are underway. Most of the biogas
production in France is used for electricity production. Other uses include the production of
biomethane as a source of fuel. The process of obtaining usable heat from biogas is also
being actively explored in France.
She suggested that if Singapore is considering including biogas in its renewable energy mix,
it is vital to simplify the existing regulations on biogas. She shared that in France the
regulatory process is complex and slow, making it challenging for the private sector to gain
easy entry into the industry. One example of the regulatory complexities in France is the
recent legislation involving the injection of biomethane into the natural gas network. This
legislation received much interest from the industry and it is a clear step forward. However
due to regulatory complexities, only two projects have been approved so far. Some 250
projects are still waiting to be approved. She also mentioned the importance of incentivising
feed-in-tariffs (FITs) for electricity production units that operate at higher energetic
efficiencies.
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Figure 1: Share of Biogas in the Production of Primary Renewable Energy in France in 2011
Lille, in northern France, was the first case study presented by Mrs. Boukhetaia. She
discussed the reasons, why and how biogas served as a solution to various environmental
problems faced by Lille. One of the main problems was the increase in household waste in
the 1980s. The strength of public opinion and the hostility towards incineration of wastes led
to the construction of a global urban waste collection and treatment scheme which has been
largely successful in enabling a more efficient methanation process. Today biogas
production has not only solved household waste problems in Lille, but it is also helping with
the public transportation system. Some 500,000 cubic metres of biomethane, equivalent to
30 buses a day has been produced in 2012 up till now. Figure 2 shows public buses
refueling with biomethane at a bus depot. Lille has also become a major provider of high
quality compost: approximately 30,000 tons contributes to a third of national compost
production in France.

(Source: Urban Waste Division, R&D Department at Biogasmax)
Figure 2: Public Buses Refueling with Biomethane at a Bus Depot
The other case study presented was the Methavalor Project in Forbach (Eastern France).
This project, involving 291 towns, uses household and non-household bio-wastes as key
inputs for the methanation process. The Methavalor Project ensures improved efficiency for
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biogas through cogeneration units that have the capacity to supply both electric and thermal
energies to the surrounding districts. In addition to that, the project has also commissioned a
fleet of biomethane driven vehicles including a public biomethane fuel station (see Figure 3).

Figure 3: The Methavalor Project: The Biogas Valorization
In conclusion, although the biogas industry in France is relatively new, it is developing
quickly. With improved regulatory frameworks and strong public cooperation, the use of
biogas will surely contribute to sustainable living in urban and rural landscapes.
Summarised by Kamal Soundararajan, ESI Energy Analyst
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Architecture as Pedagogy:
Design and Applied Research at the National University of
Singapore’s Department of Architecture
Dr. Huang Yi Chun
Assistant Professor, Department of Architecture,
School of Design and Environment,
National University of Singapore, Singapore

Dr. Huang began his presentation by stating that buildings are generally very inefficient, and
noting that such a problem cannot be solved by having expertise in one area or by adding
expertise from various areas. More often, what is required is a multi-disciplinary, integrated
design approach that addresses the issues in a holistic manner. Ideally, we need to
understand the embodied energy that a building carries and the operational energy required
for the building. For such energetic calculations, data is the main limiting factor.
Dr. Huang discussed two research projects being carried out at NUS; the use of integrated
design to address energy efficiency and computational design support tools involved in the
calculation of energy efficiency in buildings.
The first project involving an integrated design approach towards energy efficiency is the
Solar Decathlon 2013, a student competition organised by the United States Department of
Energy. The term “decathlon” denotes the fact that each zero energy solar house that is
designed, built and operated will be assessed on ten different factors including architecture,
engineering, market appeal and comfort. Team NUS, comprising 59 students from 10
departments across 4 faculties, will participate in this event which will be held in Datong,
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China, 1-13 August, 2013. This competition represents the ambition of NUS to showcase
integrated design solutions. It will be brought back to Singapore following the competition, as
a permanent facility for teaching and research purposes.
The overall layout of the house includes various active systems such as low voltage direct
current (LVDC) system; the heat, ventilation and air-conditioning (HVAC) system; and the
water recycling system placed against a passive architectural backdrop. This integrated
system of innovative technologies has shown promising simulation results where daily PV
supply is much higher than the overall consumption. The design of the house is also meant
to optimise PV module layout by means of PV tracking. Figure 1 depicts how the house will
look once it has been completed.

Figure 1: The Conceptual Design of the Zero Energy Solar House
The second project concerning the use of support tools to measure the energy efficiency of
buildings is the development of an automatic carbon calculator which employs computational
design technologies. Dr. Huang noted that contemporary carbon calculators are used only
as post-design evaluation tools, preventing carbon calculations in influencing how buildings
are built. This automatic carbon tool will provide developers a “carbon perspective” of the
building as they are designing it. It carries out both embodied and operational carbon
emissions calculations using state of the art simulation software.
The main advantage this tool has over other conventional carbon calculation tools is that a
detailed list of inputs is not required before carbon calculations can be made. The simulation
is able to run with a very basic framework (see Figure 2) where detailed information such as
type of windows, brand of air conditioning systems and other parameters can be added in
later stages of development.
Another advantage of this automatic carbon calculator is the software’s ease of use. The
software first provides an overall summary of the carbon emissions of the entire building.
The user is then able to zoom in on any part of the building to fully understand the
assumptions made and to easily find out from which databases the various values have
retrieved for the calculations. This makes the entire process of calculating carbon footprints
easy, effective and efficient.
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Figure 2: A Screenshot of the User-Interface Used in the Automatic Carbon Calculator
In his concluding remarks, Dr. Huang reviewed the key issues concerning the energy
efficiency and sustainability of buildings. He stressed that sustainable living without any
compromise to quality of living is already available today and left no doubt that a multidisciplinary approach is required to make today’s dream tomorrow’s reality.
Summarised by Kamal Soundararajan, ESI Energy Analyst
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Research and Innovation for Solar Thermal and
Photovoltaics Application in the Built Environment
Mr. Philippe Malbranche
Research Program Manager,
French Solar Energy Research Institute (CEA-INES), France

Mr. Malbranche and his team at the Institut National de L’energie Solaire (INES) undertake
research which spans the entire solar value chain from silicon material research to research
on improving energy efficiency in buildings with the use of solar technologies. The first
project he described was the development of polymer solar thermal collectors. As the price
of solar thermal collectors is still high, chiefly due to the copper content, copper reduction or
the entire removal of copper can bring about significant cost savings. One solution that is
being developed is a 100 per cent polymer-based solar collector that could replace the use
of copper as an absorber material. Such polymer research could also bring about new
functionalities and optimal performances.
Other smaller scale applications developed at INES include solar absorption chillers that
provide cooling in residential housing areas during summer. These solar absorption chillers
have proven to have relatively high efficiencies of 60 per cent, operating at around 5
kilowatts. The design focuses on providing low-cost residential applications with high
performance.
One of the hallmarks of INES is the building of an integrated photovoltaic (BIPV) test facility.
Ten different test benches allow photovoltaic (PV) modules attached to roofs to be mounted
on them (see Figure 1a). Comparing the performance of various PV modules and how well
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they can be integrated with buildings defines the focus of the research. The test facility is
very flexible in simulating various test conditions. For example, air circulation behind the PV
modules is an important aspect in determining the achievable energy output. Large fans at
the test facility control the air circulation behind the test benches and help the researchers
understand the impact of air circulation on various PV modules (see Figure 1b). The
development of such PV roofs offers many different applications. Mr. Malbranche shared
with the audience some of these air pre-heating and drying applications.

Figure 1a: Front View of Solar Roofs

Figure 1b: Back View of Solar Roofs with Air
Circulation

Another area of research conducted by INES is investigations into how the façade of a
building affects the performance of PV modules. At the façade components test facility,
Passys test cells can be rotated on a vertical axis to measure a wide variety of solar
parameters (see Figure 2). The Passys test cell can also be kept at a desired internal and
external temperature for various simulations. INES has the means to develop prefabricated
components for façade refurbishments, research new materials for façade and also offer
testing of bifacial PV modules for façade integration, making this facility exceedingly versatile
and useful for industry developments.

Figure 2: Passys Test Cells Rotating on a Vertical Axis
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INES is also actively involved in the development of zero energy homes. A major project
comprises software improvement and validation of various models that are used to design
zero energy home concepts. This objective is being met with the building of three different
two-level houses of identical geometry (see Figure 3).

Figure 3: Identical Houses Built for Software Improvement and Validation of Models
These three houses are built using different materials, allowing real time validation of how
the gradient of temperature varies from the first level to the second across different houses.
The detailed measurements can be used to set a baseline for effective modelling of homes
involving more complex geometries. Such efforts to validate and improve modelling software
are imperative for obtaining accurate estimates of annual energy requirements of buildings
and to identify key areas where energy efficiency can be improved.
Summarised by Kamal Soundararajan, ESI Energy Analyst
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strategic planning, planning policies and heritage conservation. She
is involved in various government committees, focus groups and
policy think tanks, and has consulted with private and public sector
organisations. Currently, she is a part-time consultant with the
United Nations Economic and Social Commission for Asia and the
Pacific (ESCAP). She is also a Board Member of Singapore’s
National Parks Board.
Emeritus Professor Francis Meunier is Director of the Industrial
Cooling Institute in Paris. In 1994, he was a Professor at the
Conservatoire National des Arts et Métiers in Paris where his main
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