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The change from fossil to solar and
biofuels needs our energy
Chancellor, Ladies and Gentlemen,
In this lecture I will explain that change is happening all the time and that
energy plays an important role in these changes on earth. The human
energy use is analyzed; we need energy for food, for materials, in our homes,
and for transportation. In the West, about one billion people developed a
comfortable, but energy intensive lifestyle and now the other five and a half
billion people are climbing the energy ladder as well. The demand for energy
will thus continue to increase despite an increasing efficiency in energy use.
Most of the energy can be supplied in the form of electricity or gas, but
about one quarter has to be liquid fuel (oil). Oil is needed for (large scale)
storage of energy to secure supply for long distance transportation, for offgrid applications like machinery and cooking fuel, and for the manufacturing
of materials and chemicals. I stated in 1998 that “It was not a lack of stones
that ended the Stone Age”. Despite abundant fossil fuel resources in the
earth, society pushes for sustainability and thus for solar and biofuels. I will
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argue that photosynthesis can supply the feedstock for the oily
hydrocarbons needed. Oil can be made from biomass, e.g. from by-products
of agriculture and forestry, from energy plantations and from algae reactors.
The conversion of biomass to liquid fuels requires still a lot of research.
Sugars and vegetable oils are easily converted, but compete with food. Whole
plants or algae require complex (bio)-chemical upgrading processes.
Processes like pyrolysis and gasification are being developed in our UT group
Thermo-Chemical Conversion of Biomass. But inevitably, harvesting and
converting direct sunlight into energy and fuels requires more effort than
easy oil and gas from the earth. Thus the change from fossil to solar and
biofuels needs also your energy.
1. Introduction
2. Human energy use
3. Climbing the energy ladder
4. Matching energy needs and supplies
5. Availability of biomass
6. Biomass conversion to oil products
7. Conclusions
8. Thank you
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Introduction

Change is everywhere and any time. About 14 billion years ago the universe
emerged, says the Big Bang Model. Roughly 9.5 billion later years the earth
arose. Life originated about 3.8 to 4 billion years ago in the form of heatloving bacteria around oceanic vents of superheated water, called black
smokers, which were rich in chemical energy. Photosynthesisers followed
3.5 billion years ago. They started harvesting sunlight and storing energy in
carbohydrates. The oxygen-producing blue-green algae became the most
successful. They slowly changed the face of the earth and the atmosphere.
But oxygen was a true poison in these days, which caused a mass extinction
among the anaerobic world population, including the blue-green algae
themselves. Around 2.1 billion years ago life adapted itself to the global
oxygen crisis through a symbiotic alliance between the blue-green
photosynthesiser and an oxygen-respiring bacterium. Oxygen changed from
poison into ‘energy agent’. It improved the usage of energy stored in
photosynthetic sugars through combustion; the yield of ATP formation,
which is the transportation fuel of the living cell, increased with a factor of
18 and thus caused a true energy revolution. Now larger, macro-cellular
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species could develop.

onto land and changed the face of the earth again. Meanwhile, whole
continents moved, merged and split again. Ice ages came and went. The
immense geological forces caused vast amounts of carbon fixed by plants
ending up in large fossil deposits.
About 25 million years ago, the first ape-like primates showed up in the
tropical rain forests of East Africa. Our genus, Homo, arose roughly 2.5 million
years ago. Modern man appeared in Africa some 500.000 years ago and
moved out to Europe only about 100.000 years ago. The success of
humankind was largely based on the control of fire, and thus the control of
energy. Fire allowed our ancestors to broaden their food range, to heat and
light the cave, to fight off animals, and to make tools. After the last ice age,
about 12.000 years ago, agriculture was invented and people settled down. By
using draught animals, irrigation and soil fertilization, humankind
substantially increased the yield of edible crops, and thus useful energy.
Land cultivation slowly changed the face of the earth again. Then man found
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another huge energy resource, fossil fuels. The fossil fuels enabled
humankind to transform the earth through modern industries, e.g. by
controlling rivers and low lands, changing forests in fertile agricultural areas,
and increasing the concentration of CO2 in the oceans and in the
atmosphere.1
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Figure 1

Man plants the earth2
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What can we conclude from this introduction?
First, the earth is always changing due to many global forces — think of its
surface, its atmosphere, and its climate. Life could develop forces
comparable to geological forces and has changed the face of the earth at
least three times. Blue-green algae enriched the atmosphere with oxygen;
corals grew islands, plants and animals covered most land; man changed
land for its own use, moved rivers, created polders, and created a hole in the
ozone layer.
Second, energy plays a leading part in these changes. Fundamentally, all
changes need or release energy; changing the form of matter, like
evaporating water, needs energy, while condensing water into rain releases
energy. Moving matter like drifting continents requires energy. Transforming
matter by chemical reaction can generate energy, such as with burning
forests. Nature developed a global, near-closed loop economy largely driven
by solar energy. And as Frank Niele pointed out in his book ‘Energy: Engine of
Evolution’, the evolution of life (including human) is driven by its energy
metabolism.1

7

Human energy use

Initially man was only using food as its energy source, albeit that in contrast
to other animals man started to use fire for cooking and roasting, and thus
conserving food. When moving into Northern countries heating became
necessary in winter times. Further fire was used for hunting, protection
against animals and insects, making light, and making materials. The
importance of materials is reflected in the name of historical periods such as
Stone Age, Bronze Age and Iron Age. Of course, also natural materials were
used, such as wood for construction and skins and later cloths for protection
of the body. Perlin3 describes in his book Forest Journey that the basis for all
old civilizations is access to wood for energy and construction materials.
When wood became difficult to collect, often caused by deforestation,
civilizations like Easter Island ceased to exist.4 The Golden Age of the
Netherlands 17th Century was energized by peat, wood and wind. Wind
drove the Dutch ships to transport e.g. peat from the interior to the
upcoming cities, but of course also powered the VOC ships. Transportation
started to become global by sailing spices, slaves, Chinese pottery, etc.
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around the world. During the same period, coal began to replace wood in
England as both domestic and industrial heating fuel. The need for coal
created the need for mechanizing the dewatering of coal mines, which
induced the invention of the steam engine. Later the internal combustion
engines (spark and compression ignition) were invented. With the
introduction of electricity the electric drive became also available. In
essence, water, wind and fossil energy started to replace human and animal
power. In the 19th century coal was also gasified to produce so-called city gas
for (household) applications such as lighting and cooking. Also the
manufacturing of cement and steel was much easier with coal than with
wood. Further coal became the feedstock for many chemicals, such as
acetylene, hydrogen (for fertilizer) and aniline (blue dye) till the
breakthrough of oil. With cheap oil and the internal combustion engine
human needs for automotive transportation exploded. New materials, such
as plastics were developed. And although natural gas was known to the
Chinese already in the 4th Century BC, only in 1959 the Slochteren
(Groningen) field was found. The relevance of gas for the European energy
supply market emerged less then 30 years ago.
Abundant access to relatively cheap, fossil energy has boosted human
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development for two reasons:
1. Cheap energy has enabled us to produce more food, to heat or cool
wherever needed, to make numerous materials, to transport practically
anything to anywhere, and recently to communicate globally with dazzling
speed.
2. Fossil energy has replaced our own bio-based energy or labor in fuel, food
or materials production, thus freeing up our time for the fulfillment of
other needs.

2.1

Our first energy need is food

Food was initially found in the natural environment, but about 12.000 years
ago man started to grow food on cultivated land, e.g. in Mesopotamia.
Irrigation and fertilization improved edible crop yields. Food often needs to
be cooked or roasted before eating. In the Northern, colder parts of the earth,
food needs to be stored for use in winter time. Then the recent rise of
urbanization caused an increase of food transport from rural areas to cities,
and thus new packaging needs. Each of these steps increased the amount of
energy needed for our food provision.

090305 Oratieboekje Groeneveld

19-03-2009

08:52

Pagina 9

2.1.1. Agriculture, its land, labor and energy use
The historical trend in agriculture clearly shows that cheap energy has
increased food productivity through increasing the yield per ha land as well
as reducing labor requirements . This analysis does not take into account the
solar radiation per ha to grow plants, thus food, but only the additional
energy sources needed on the farm.
• To feed one family of 5, one hunter-gatherer was more or less full-time
busy with finding food; he needed only his own food as energy source
with ca 0.2 kW per capita for inefficient ‘primitive cooking’ and a relatively
large area for hunting and gathering (more then 1000 ha per capita).
• Farming started with slash-and-burn agriculture through creating small,
arable fields in the forest and using ash as fertilizer. The use of energy for
humans — in the form of food — remained very small. The energy input
(mainly labor, 1444 hr per ha, to clear the forest, not the energy of the
trees burned!) to food output ratio is 1 to 8. But also, the land used to feed
the 5-person family was reduced to ca. 10 ha per capita, while using 2 ha
every 2 years in so-called shifting cultivation.
• When agriculture developed further, crop rotation was invented and
animals started to replace humans to plough the soil and to transport
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products. Land use was reduced to 4 ha for the 5-person family; labor was
ca. 4.1 KJ/KJ.
• Modern, industrial agriculture needs quite a bit of energy to decrease land
and labor use further. The energy output/input ratio (for maize) is reduced
with about one third to ca 2.8 KJ/KJ : 30% of the total farm energy is used
for fertilizer manufacturing, 17% for irrigation, 12% for making herbicides
and pesticides, 10% for transport , 10% for drying and 5% for labor.
However, to feed the family of 5-persons land use decreased radically from
4 to 0.25 ha, and labor-intensity dropped from 380 to 10 labor-hours per
ha. As a consequence, in developing countries continuously less labor is
needed in rural areas, driving the farmers workless to the city.
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Hunter-gatherer

> 1000

Slash and burn
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Man-hours
To feed family

Energy out/in
KJ/KJ

>3000

10

1200

2400

8.4*

Early crop rotation

4

380

1500

4.1

Modern, intensive

0.25

10

25

2.8

Table 1

Land, Labor and Energy requirements in agriculture
Energy inputs do not include solar energy influx to ha land5
* excludes energy from burning trees

2.1.2. Cooking fuel
In some tropical countries women still collect fuel wood for cooking, just as
in times passed. For Sri Lanka data are available: each person needs ca 550
kg fuel wood per year, equivalent to 170 Watt6; data for Ruanda on charcoal
come to more or less the same figure: 150 Watt.7 South Africa has a fuel
support policy allowing 35 kg LPG per person for cooking, which is
equivalent to 50 Watt per capita (the efficiency of an LPG furnace is more
than 4 times higher than the efficiency of a wood stove). Meanwhile the
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arrival of fossil fuels has reduced the need to collect wood from 55 work
hours per year per capita to almost nothing. Indeed, our modern kitchens
use natural gas or electricity — we don’t even carry LPG bottles. In
developing countries, though, besides reducing women’s work to collect fuel,
LPG also improves the indoor air quality significantly and therefore has a
very positive effect on the health of especially women and children. In many
places, anaerobic digestion of cattle dung is a good alternative to produce a
clean cooking fuel. Today only 1% of the global oil production is needed to
provide 2 billion poor people with a clean cooking fuel.

2.1.3. Modern man eats fuel
Our ancestors, just like the poor today, consumed about 1800 kcal per capita
per day, while in high-income countries the food consumption has increased
to 3000-3500 kcal per capita per day and many people eat even more. While
our ancestors and poor people largely cooked grains and vegetables, we eat
nowadays much more meat and snacks and drink soft drinks and beverages.
All our food has been processed, packaged and transported.
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An example: Swedish researchers8 estimated the primary energy needs for
different meals with equivalent nutrition values. They included farm
production, drying crops, processing, storage and transport up to the retailer.
Also included are storage, preparation and cooking in the household.
Excluded are machinery and buildings, packaging material, waste treatment,
transport from retailer to household and dishwashing.
Meal component

Kg

MJ dietary energy

MJ life cycle inputs

Dinner: high
Beef

0.13

0.80

Rice

0.15

0.68

1.1

Tomatoes, greenhouse

0.070

0.06

4.6

Wine

0.30

0.98

Total

0.65

2.51

Chicken

0.13

0.81

4.37

Potatoes

0.20

0.61

0.91

Carrot

0.13

0.21

0.50

Water, tap

0.15

0.23

0.0

Oil

0.02

0.74

0.30

Total

0.60

2.61

6.1

9.4

4.2
19

Dinner: low

Farm-to-Fork energy use
Meal components, dietary energy and life cycle energy inputs for two
different dinners8

Of course, our average of 30% of Joules coming from animal products is very
high in comparison to people living in poor countries, or to our ancestors!
Due to our changing diet, a large part of grain production is feed for animals
that produce our meat. Typically, 1 kg of chicken requires 3.4 kg cornequivalent, and pigs eat 8.4 kg corn-equivalent per kg meat. As a
consequence, in Mexico the grain supply to livestock increased with a factor
of 9 between 1960 and 2004 to 45%, and in China it tripled to 26%. The need
for agricultural land in modern meat-eating cultures is relatively high: for
example, agricultural land-use is 1.6 ha/capita in the USA while in India it is
0.2 ha/capita — in India only 2% of the cereal crops become animal feed,
whereas in the USA 80% of the grain produced goes to livestock!
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Because we like sugar as well, 16% of the total nutrition in the USA comes
from sugar, mainly in the form of sweetener for soft drinks. This modern,
sweet habit is not only unhealthy but also energy intensive.
So, while our ancestors and poor people used and use solar energy to
produce their food and the fuel to cook it, our Western food consumption of
3500 cal/day, of which 30% coming from animal products, requires
something like 0.4 - 1.0 kW per capita (average 0.6) fossil fuels. This number
still excludes the energy needed for transportation and for making the
materials for machinery, buildings and packaging. If we add these as well we
come to the conclusion that modern human needs 1-3 kW per capita to
consume 0.2 kW of food. In other words, we spend 5 to 15 times more energy
from farm to fork than we eat.

2.2.

Our second energy need is materials

We need materials nowadays for many purposes, but originally materials
were only needed for the construction of shelter, clothing (as we moved
north) and tools. Our historical civilizations were based on wood as main
construction material, together with stones, clay and later bricks. The
modern construction industry delivers the materials for the buildings we live
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and work in, the roads and bridges we drive on, the utility distribution
systems we use, the railways, airports and harbors we travel and trade from.
So our material needs have exploded to astronomical amounts.
For the EU the total material requirement per capita per year hovers around
50 tons from 1980 till 1997.9 The figures include import and indirect material
flows. Fossil fuels form the largest part due to indirect flows: moving earth in
coal mining and air for combustion; they account for 30% of the total
material flow. The minerals part is 22%; the resource requirement for metals
production is 20% and for biomass 12%; excavation and dredging leads to the
movement of 7%, and erosion of agricultural fields relocates 9% of the total
materials. The part of the total materials moved ending up in economic
goods is 20 ton per year per capita.
Eu15 moves 9 billion tons of earth each year! To sketch the enormous size of
this amount, let me compare this to the Chinese Great Wall. The wall
stretches from Jiayu pass in the west, to the mouth of the Yulu River in the
east; it is 6400 km long, 7-9m high, and 6 m wide. Altogether, one hundred
and eighty million cubic meters of packed earth and sixty million cubic
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meters of bricks were used in constructing the wall. That is equivalent to
450 million tons material. EU15 today thus builds 20 Chinese Great Walls
every year!!! Of course, today we do not use the equivalent of 300,000
workers for at least 100 years — that is 1.200 million worker-years like the
Chinese did — we use fossil fuel. Still, the total amount of energy required to
move all this unearthed matter is relatively small, namely 0.1-0.2 kW per
capita.10 The transport of construction materials accounts for roughly 30% of
road freight.
Moving earth, using rock and stones is largely for constructing dykes, roads,
digging channels, etc. To build houses and factories we also need cement
and steel. The raw material for cement is chalk and for steel iron ore (iron
oxide). In both cases chemical energy or very high temperatures are required
to transform the feedstock into the desired product.
Not surprisingly, according to Wang Lan11, China’s Building Materials
Academy, China tops the world cement production with 1.4 gigatons per
year, which is about half the world’s total. That boils down to almost one
ton cement per capita, which accounts for 7% of China’s total energy
consumption! The related CO2 emission from both the energy source coal
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and the feedstock chalk is almost 1 gigaton, or 25% of China’s total CO2
consumption. If we assume, however, that only one third of the Chinese
people benefits from the cement production, modern Chinese use
0.5 kW/cap.
Steel is the other main material we
use. The world production of steel
grew exponentially during the past
century (like computer chips today)
from 22 kt in 1867 to 1244 Mt in
200612, which equals to a global
average of 0.2 ton steel per capita per
annum!. Assuming that only one
third of the world population uses
Figure 2

Global Steel Production12

this steel, modern man uses
something like 0.6 t/capita.
Fortunately, the energy consumption
for making steel has halved since
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1975 to ca 20 GJ/t (best practice is 13 GJ/t ore, and 5 GJ/t for scrap metal).
Also work hours have decreased from 6 in 1975 to less than one work hour
per ton today.13 Globally we use on average 0.12 kW energy for steel; thus
modern, industrialized man needs likely the equivalent of about 0.4 kW.
The aluminum production is also increasing, now being over 25 million tons
per annum worldwide. But it is still small in comparison to steel (1.9 EJ
electricity, 5 EJ primary energy, on global average 26 W/capita, so for a
modern man ca. 0.1 kW/capita).
The chemical and petrochemical industry is rather resource intensive both
in terms of raw materials and energy needed for the processing. A wide
variety of materials is produced, ranging from plastics to fine chemicals and
pharmaceuticals. This industry uses globally 33 EJ/y. Americans use about 0.5
t/capita non-renewable organics (plastics), for which the chemical industry
in the US needs 0.9 kW per capita.14 The global paper production is ca 365
mtpa, and has used ca 6.4 EJ in 2005. This energy use does not account for
the energy in the primary biomass feedstock, which is ca 13 EJ! Half the
paper is used for packaging, wrapping and board. One third is for writing and
printing. The remainder goes to e.g. sanitary applications. If we take the raw
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biomass into account in energy equivalents, the USA consumption of
materials from natural organic origin, such as paper and wood, is ca 0.7
t/capita (ca. 0.9 kW energy).
The total energy use (as raw material and for processing) of the USA
manufacturing industry was in 2002 22,666 trillion Btu14, which is
equivalent to 2,6 kW per US capita.
In summary, humans move huge volumes of unearthed material. The
corresponding energy flux is relatively small, namely 0.1-0.2 kW per capita.
The manufacturing of chemicals and plastics consumes mostly fossil
resources for which modern man needs the equivalent of 0.9 kW per capita.
The production of cement requires 0.2 kW for a Chinese, steel 0.5 kW for an
average modern man, paper and wood products ca 0.9 kW for a USA citizen.
In total all these materials are produced with the equivalent of 1.5 – 3 kW in
raw materials and energy for processing.
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2.2.1 Dematerialization or exporting energy intensive industries?
Per capita material use is hardly changing anymore for a modern Western
man, but GDP ($) is still increasing per capita. So the Western economic
growth is indeed dematerializing in terms of tons material per $, but it
seems that the overall increase in efficiencies does not lead to less material
per capita. A major problem arises if all humans on earth will consume the
same amount of raw materials as Western people today. The stock of raw
materials that has to be build up has to be found on and mined from earth.
For some raw materials mentioned above (sand, rock, iron ore, limestone)
there is no resource problem, but for other minerals such as copper, noble
metals or phosphor, it may be. Still the energy requirements to allow all
people on earth a similar amount of material use are enormous.
China imports energy and raw materials, and exports many products.
According to Prof. WU Zongxin Tsinghua University15, the net import of
energy in 2005 was 109 mtoe (5 EJ), but the embodied energy export was 420
mtoe (20 EJ)! So using its vast coal resources, China exports 12% of its overall
energy consumption in products to the rest of the (mainly Western) world.
This energy export is 0.3 kW/cap out of its total of 2.6 kW/cap consumption,
and assuming that 1.3 billion (modern, Western) people benefit China

15

delivers them 0.3 kW/cap indirectly!

sustainable manner. Closing material loops can only be achieved by
processes that are driven by energy and are well organized. Lifestyle choices
have of course still major impact.

2.3.

Domestic energy needs (cooking, heating, communication)

Once we have built our house, it is mostly either to cold or to warm. We also
need light in the evening and it is full of appliances (kitchen machines,
washing machine, fridge, freezer, radio, TV, computer, etc.). In total, modern
Western people use 0.7 – 1.5 kW/cap for all their needs. The average Dutch
uses 0.9, the average USA 1.2 kW/cap in terms of primary energy for the
household, taking into account the conversion losses from fuel to electricity.
Roughly half of the Dutch household energy consumption is gas for heating
(space, water, and a little for cooking) and the other half is electricity.16
Inefficiency is driving Beijings need for heating domestic apartments by coal
up to 1 ton coal per capita per year, equivalent to 0.9 kW/cap. Cheap coal and
no incentive to save energy costs by the user cause this waste of energy.
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A rapidly growing new energy need is for communication. What started with
a simple radio and later television grew in the recent Information Age with
computers, internet to a significant energy need. Since 1990 the Dutch
electricity consumption in households grew ca 20%, mainly due to ICT. One
Google search costs up to 10 Wh, as much as a modern efficient lamp
burning for one hour. The Dutch electricity consumption for ICT
(households, offices and infrastructure – servers) is 8.8 TWh for 2007, 7.3% of
total electricity. In addition ca 2 TWh/capita was needed to manufacture the
ICT equipment. ICT accounts for ca 2% of our total energy consumption and
is still rapidly growing (doubling in 2020, to ca. 0.3kW).17

2.4.

Exploding transportation energy needs

The transportation sector is of course one of the biggest energy consumers,
and the main user of oil. The IEA18 shows that private cars take almost half
of the energy consumption (44%); buses, rail and two-wheelers another 10%,
freight trucks take 24%, air 12% and water transport 9%. Analyzing the
demand for transport shows that the demand is increasing with economic
growth, and that there does not seem to be a limit on transport demand. Not
so surprisingly is perhaps that with increasing income faster transport is
preferred and of course energy demand is rapidly increasing! The use of
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public transport is dominant in poor countries and with increasing income
public transport drops to ca 15% in Europe and 5% in USA. As a consequence,
worldwide average energy use is 0.4 kW/capita, Netherlands 0.9 kW/cap, and
the USA even 2.8 kW/cap.

Figure 3

km/cap and share public transport vs. GDP/cap
More income: longer distance and faster transport19
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For passenger transport in big cities the limit of cars has been arrived. Traffic
congestion causes not only delays on short journeys, but also significant air
pollution. Many cities such as Singapore, Stockholm, and London are taking
measures to reduce cars through demanding congestion fees. Beijing took
draconic measures during the Olympics 2008 to reduce traffic by adding 200
km metro tracks, abandoning old, dirty cars and allowing one day cars with
even registration numbers, the other day with odd numbers. Serious public
discussion was triggered to maintain the system because traffic is so much
faster and the air so much cleaner. Another remarkable Chinese
development is the rapid growth of electric two- and three-wheelers as
gasoline fuelled motorcycles are banned in most cities. It is expected that
present lead-acid batteries will soon be outpaced by Li-ion batteries and that
the electric two-wheeler demand will outnumber the gasoline ones in 2011.
In Japan, Europe and recently the USA sales of hybrid cars grows rapidly, and
plug-in hybrids have been announced by many car manufacturers. So the
energy demand for urban passenger transport seems to shift to electrically
driven public transport and electrified vehicles, making transportation more
energy efficient and reducing gasoline demand. Ultimately, the fuel cell may
replace the internal combustion engine in a plug-in hybrid, but the

17

competition will be very tough as internal combustion engines keep

Freight and air transport are rapidly growing and both need oil products
(diesel and kerosene) as fuel. The USA transported in 2000 ca 8000 t•km per
capita as road freight, while Europe did 3500 and Japan 2500 t•km per
capita.20 Of this freight transport in IEA18 80% is by truck. Today the USA
need ca. 0.6 kW per capita diesel for transportation; and as passenger cars
are not fuelled by diesel in the USA this is for freight / long-distance
transport. Ships use cheap bunker fuel on the oceans and cleaner fuel oil on
coastal and inland waters. Aviation is the fastest growing sector for
passenger transport in IEA18 (2.7% growth)20, with presently a global average
consumption of ca 240 mtpa fuel, or 0.06 kW/cap, USA citizens use
4 times more.
The present high prices of oil will have a reducing impact on transportation
fuel demand, but the growing wealth in Asia and elsewhere will outnumber
this. My conservative estimate is that on average passenger transport
consumption will be ca. 0.5 kW/cap, of which the electricity share will rise to
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at most 80%. Freight, rail and ships will take another 0.4 kW/cap of oil
products, and air transport another 0.1 kW/cap. So the global average energy
consumption for transport is growing to at least 1 kW/cap, although
1.5 kW/cap will be more likely. Of that energy consumption the share of oil
products is at least half and for long distance transport there are no real
alternatives to hydrocarbonic oil as no alternative meets the high energy
density (see also table 2).

2.5. 10 billion people @ 4 kW/capita need 1300 EJ / year for a decent living
In general modern (Western) people use fuel and electricity to replace their
own muscle-powered labor, to convert raw materials like ore into useful
materials, to transport themselves and their freight, and to communicate.
A relatively small fraction is still used for heating (home, water and food);
a growing demand is for cooling (air-conditioning). The energy demand for
communication and computing is rapidly developing. People need food from
agriculture. Reducing the amount of meat, optimizing agriculture to reduce
energy inputs, as well as reduction of transport and packaging could lead to
a global average of ca 1 kW/capita for food. The amount of material modern
people use is enormous; therefore it is necessary to reduce, reuse and
recycle materials to build a sustainable society. Unfortunately reuse and
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recycle require still significant energy inputs, but recycling scrap metal
requires less than reducing ore. Therefore energy demand for materials will
be at least 1 kW/cap, but likely more.
Domestic use of energy is still growing despite energy efficiency measures to
reduce demand in heating and lighting, because information and
communication demand grow (to on average ca 1 kW/cap). The demand for
transportation grows rapidly with income. Electrification of passenger
transport in densely populated areas seems likely, but as freight, air, rail and
bus transport will remain fuelled by hydrocarbonic oil products, electricity
will only replace about 50% of present fossil oil consumption in transport.
The average total transport demand will grow to 1 – 1.5 kW/cap. Energy use
will vary for different countries, depending on climate, geography,
urbanization, travel distances, family-home size, laws and regulations, etc.
Energy efficient technologies will develop further and more rapidly with high
energy prices. Therefore the average global human could and should be more
efficient in energy use than the present North-American and even European
and Japanese human. The analysis here presented reveals that the global
average demand per capita will possibly grow to at least 4-5 kW/cap.
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The analysis of the energy needs shows that on average, every global person needs
> 4 kW for:
• Food, 1 kW/cap

°
°
°

For agriculture (fertilizer, irrigation, tractors etc)
For food processing
For cooking fuel

• Domestic 1 kW/cap

°
°

Heating, cooling, for appliances
Communication 0.3 kW/cap for computers, internet, telephone, TV

• Materials > 1 kW/cap

°
°

Manufacturing steel, cement, metals, etc
Plastics, chemicals, paper, wood (raw materials and energy)

• Transportation > 1 kW/cap

°

People and freight

This energy need is double the present global average of 2.2 kW/capita; 30% lower
than the present use in Europe and Japan and less than half the use in the USA!21
So it implies that energy efficiency and life style choices have improved a lot for the
present big spenders, while the developing economies apply the best available
technologies and avoid to inconsiderately copying the Western life style.

19
the total energy demand will grow ultimately to 1300 – 1600 EJ/y (2005 ca. 410
EJ/y). This figure is significantly higher than other energy scenarios: IEA ca 800 EJ/y
in 203022, Shell 769 – 880 EJ/y in 205023. The World Energy Council takes Poland at
3 kW as reference for 205024.

3.

Climbing the energy ladder

The Dutch were consuming ca 0.5 kW/cap in their Golden Age, 17th century.
Peat was the main source of energy. A recent study by Cornelisse25 presented
an inventory of energy needs: making beer (the main drink with unsafe
water) and food (baking bread, making salt) accounted for almost half the
energy consumption, making materials (bricks, chalk, tiles, steel is imported)
was ca one fifth, and cooking and heating in households was ca one third.
The Dutch energy consumption grew only slowly till the industrial
revolution (19th century), and then rapidly climbed the energy ladder to
today’s 6 kW/cap. Today’s developing countries need a much faster
development for their suffering poor population.
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The bottom of the pyramid (0.2 - 0.4 kW/capita)

Around 2 billion poor people are still without access to cooking fuels,
electricity, running water and sanitation, the so-called bottom of the
pyramid. Access to more energy will not only improve the quality of their
lives, but also saves them a lot of time to provide their basic needs. For
example in rural Sri Lanka all three meals per day need to be cooked and in
addition all drinking water needs to be boiled. On average each person in a
family needs 1.5 kg/day fuel wood (0.2 kW/cap). Collecting fuel wood
requires ca 4 (woman) work hours for 20 kg wood, equivalent to 5 kW per
worker. Thus 4% of all people need to work for fuel.6 Collecting water still
needs to be done! Dutch peat was already much more efficient in terms of
human work generating ca 200 kW/worker, thus liberating workers to do
other useful jobs.

3.2

The agricultural economy (1 - 2 kW/capita)

The first phase of climbing the energy ladder means satisfying other needs
than the bottom-of-the-pyramid needs:
• Better agriculture (irrigation, tractors, fertilizer) for
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°
°

More and better food
Reducing risks of droughts and flooding, thus stabilizing food supply

• Light in the evening
• Clean, safe cooking fuel
• Some transportation
• Better community buildings (school, medical) with

°
°

Light, running water, sanitation
Telecommunication: TV, radio, telephone, internet,

• Appliances: sewing machine, fridge, later washing machine, ovens
• Carpenters, repair shops
The rural energy needs are met while no large scale infrastructure exists,
so wood, wastes, and dung are often used as domestic fuel; labor and animal
power are still important, but small-scale electricity is more and more
generated, often based on diesel, and kerosene/LPG are introduced. These
fuels are expensive as transportation costs are high and transport is
unreliable. Where possible, small-scale water or wind power is generated
and nowadays photovoltaic electricity is becoming increasingly available.
And making biogas from animal dung is a much better alternative than
burning it directly.
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Urbanization starts with more people and more buildings per km2.
Infrastructure like roads, electricity, water, sewage makes utilities cheaper
for citizens then for rural people. Better houses are built with heating.
Carpenters make the basic furniture. Industrialization starts with the repair
of engines and appliances. The energy needs are growing rapidly. The source
of energy becomes mainly fossil fuels, like oil, coal and natural gas,
depending on geographical location. As the electricity grid is often
unreliable, and roads/rail may fail to supply in bad weather, people seek
local energy security with easily stored diesel, kerosene and LPG.

3.3 Industrial economy (3 to >10 kW/capita)
In the modern urban area’s the infrastructure has intensified again, allowing
mass transport of passengers and freight, gas supply to homes, buildings
and industry, a reliable electricity grid and internet connections. Waste water
is being collected and processed, solids wastes are initially disposed and
later processed for re-use and recycle. Agriculture becomes intensive,
reducing the required land as well as labor by increasing the use of energy.
The energy intensive industries move to cheap energy sites, such as coal
mines, hydroelectric plants, oil and gas fields (especially chemical industries)
or to harbors. Transportation of (raw) materials therefore becomes more

21

intensive. In this industrial economy is the energy demand exploding. One
global energy supply!
At the same time, with growing energy intensity, the emissions of pollutants
from fossil fuels grow as well. Smog has been inevitable for all cities that
grew too rapidly, until their society came to understand the hidden health
and environmental costs. Beijing is the most recent example, where due to
the Olympics draconic measures have been taken to reduce pollution. But
that has triggered a public debate to balance economic growth with health
and environment. London experienced the same smog from coal a century
ago before taking legal action. Cleaning the waste streams (solid, water or
air) requires again more energy. The main sources of energy in the modern
city are electricity and natural gas for houses and buildings. Transportation
by cars, buses and trucks (with catalytic exhaust gas cleaning systems) is
fuelled by ultra-low sulphur diesel and gasoline; rail and subway are mainly
electric. Two-wheelers are the first private transporters to switch from oil to
electricity; cars will follow when better batteries are becoming available.
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Emission control means of course also managing greenhouse gases.
Chlorofluorocarbons causing the hole in the ozone could be easily replaced
by other chemicals, but CO2 is much more difficult to mitigate. Carbon
Capture and Storage is possible in many countries, but again at the expense
of using more energy as CO2 needs to be at high pressure. Unfortunately the
geological spread of underground pore space is unequal. Countries like India
and China have very little pore space available.26
Climbing the energy ladder means thus not only increasing energy demands
but also changing demands of the properties of the energy source in
transport, storage, convenience in use, and cost.

4.

Matching energy needs and energy supplies

4.1

Do we need solid, liquid and gaseous fuels and electricity?

From the analysis of our energy needs, it can easily be seen that not all
energy is the same. Sometimes we need
• heat to increase temperature somewhat (for space heating, for cooking)
• cold to decrease temperature (cooling-freezing food, air-conditioning)

The change from fossil to solar and biofuels needs our energy
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• mechanical power to plough land, for civil works, for transportation, for
machinery
• chemical energy to reduce ores to metals, to make fertilizer
• electricity for appliances, mobile phones and computers
Technology can convert one sort of energy into another, but always with
losses. Furthermore, energy needs to be transported from its source (forest,
oilfield, coal mine) to its user (mostly in urban and industrial area). This
transport of energy requires an infrastructure; we all started simply with
roads and waterways to transport solid fuels, added wires to transport
electricity and pipelines to transport liquid and gaseous energy.
Furthermore, energy needs to be stored to optimally match supply and
demand.
Some argue that a modern society needs only electricity. All energy sources
can be converted to and from electricity. However, storage of electricity in
large quantities is still a major techno– economic challenge. Transport over
long distances is also much more efficient with hydrocarbons than with
electricity.
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kWh/l

kWh/kg

Time
Years

10.9

13.8

LNG

7.2

12.1

Weeks

LPG

7.0

13.9 Excl. container

Years

Ethanol

6.1

7.9

Methanol

4.6

6.4

Liquid H2

2.6

Wood

0.8

3.0 Varies a lot

Months

Li ion bat.

0.3

0.1

Weeks

Pb-Acid

0.04

0.025

Weeks

Table 3

39.0 Excl. container

Years
Years
Weeks

Storage properties of fuels and electricity27

The commercial advantage of liquid oil products for end-users is reflected in
its price. Electricity can be used directly and with high efficiency for most
applications, such as heating or shaft power. Oil products can be used for
heating directly, but need a combustion engine to generate shaft power. The
efficiency of the internal combustion engine can be as high as 90% for
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Combined Heat and Power, and as low as 15% for average car user. Based on
diesel have the same energy price, that is ca. 16 $ per GJ. So the lower output
of oil to shaft power is compensated by the convenience of transport and
storage of gasoline and diesel. LPG is relatively cheap having the same price
as crude oil, while fuel oil is only 63% of crude (similar to Natural Gas 7 $/GJ).
Premium fuel components such as MTBE and a base chemical like ethylene
are double the price of crude per GJ.
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% $/GJ crude oil

Coal (in US)

80 $/t

2.8

23

Crude Oil

76 $/b

12.5

100

Natural Gas

6.95 $/mmbtu

Electricity

0.06 $/kWh

Fuel oil

354 $/t

7.8

63

Gasoline 95 (diesel)

746 $/t

15.8

127

LPG

615 $/t

12.2

98

MTBE

912 $/t

25.8

207

Ethanol (ex-Brazil)

294 $/m3

9.8

79

Ethylene

1255 $/t

26.6

213

Table 4

7.0

56

16.7

134

Prices of fuels, chemicals and electricity (CMAI, July 2007)28

Coal is very cheap, but also very dirty unless used in advanced processes.
Natural gas is clearly the cheapest fuel that is also easy to transport, clean in
use, relatively low in carbon but more difficult to store than oil. Crude oil
needs to be refined into fuel oil, diesel, kerosene, gasoline, or LPG. Fuel oil
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has the same price per GJ as gas, but is much easier to store and therefore
used in ships and for local heat and power supply. Diesel, kerosene and
gasoline have almost the same price and the main difference is their boiling
range, which is optimized for its applications. LPG is more expensive than
fuel oil, despite being more difficult to transport and to store, reflecting its
easy and clean use in small-scale appliances. Chemicals and premium fuel
components like MTBE are much more expensive than ordinary fuels. Bioethanol from Brazil competes with gasoline, but its lower energy density and
high vapor pressure lower its value.

4.2.

Do we need oil?

The last Shell scenarios forecast a more or less stable demand for oil till
2050 of 150 EJ/y. However, a much larger oil demand can be justified.

4.2.1. Yes, for large scale storage (15 EJ) and if we need to transport energy over
very large distance
No energy source is more efficiently stored and transported than oil (liquid
hydrocarbons). The most efficient way to transport electricity on a 6 GW
scale over 2000 kilometers still has a loss of ca 10% (Three Gorges dam,
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China29). Transport of natural gas (methane) is next best to oil. Pipeline
transport over 5000 km consumes ca 10% of the transported energy, while
LNG transport over the same distance consumes only 2%, but it takes 8% to
make LNG. However, transport of 2 million barrel per day oil from Alaska to
California (equivalent to 400 GW) over almost 5000 km by pipeline and
tanker requires only 1% of the transported oil.30
Conversion loss
% loss 1000km
LHV loss for final product

% loss 5000km

Oil

15% (to diesel, gasoline)

Gas

Small (but CO2, H2S)

LNG

8%

<1%

2%

Electricity DC
800kV

2%

6%

21%

Table 5

<1%

1%

2%

10%

Energy loss in long distance transport

Storage of electricity at GW scale for weeks, even days is virtually
impossible. Pumped-storage hydroelectricity is common practice; there are
around 200 plants worldwide.31 The big Kruoni plant is built in 1998 and
plants worldwide may store 0.01 EJ. Also storage of gas in underground
reservoirs is common practice. The USA stored in 2000 3.9 billion cuft gas =
0.004 EJ33; that is in energy terms equivalent to 0.1% of the strategic oil
storage of 1,1•108 m3 oil = 3.6 EJ. Also LNG storage is relatively small. Storage
of oil on EJ scale is very cheap and practiced in many countries (in total
4•108 m3 = 15 EJ) to secure energy supply in case of blockage, upheaval or
war. The recent disruptions of the Russian gas supply to Europe demonstrate
the vulnerability when supply stops and insufficient gas has been stored.
Nuclear power is much less dependent on its fuel supply. But nuclear
produces only electricity (and local heat) at a GW scale and is not a
technology that can be used for large demand fluctuations. Besides, society
is still discussing the nuclear proliferation and nuclear waste issues of (new)
nuclear power plants.
Storage of energy at EJ scale is the only solution to the risks of interruptions
in the energy supply; oil (liquid hydrocarbons) is the most suitable energy
carrier for that because of its unbeatble energy density and chemical stability.

25
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4.2.2. Yes, 0.3 kW/capita for off-grid applications like machinery and (cooking)
fuel
Climbing the energy ladder means developing society and its infrastructure.
In the first phase the infrastructure is poor and unreliable and therefore
liquid fuels are needed. Diesel is needed for agriculture, to fuel tractors,
water pumps (for e.g. irrigation), and for civil works to build the
infrastructure. Diesel or cheaper fuel oil is used for off-grid power/heat
generation. LPG is used for community buildings and domestic services,
providing heat and clean cooking fuel. In South Africa the government
supports clean (domestic, cooking) fuel, 0.05 kW (e.g. as LPG) per capita.
Of course wind, water and PV for local electricity and biogas for domestic
fuel compete with oil. Rural oil consumption will grow faster than the
development of an energy distribution infrastructure and thus the demand
for oil will peak till this infrastructure with its supply of electricity (and gas)
has become fully available. Even in a developed economy like North America
the demand for LPG is still growing; it is presently 644 kbpd, equivalent to
0.17 kW/cap. The total USA consumption of diesel is equivalent to 1 kW/cap,
of which 0.6 kW is for transportation; so 0.4 kW is for off-grid machinery.
Accordingly, a global energy use of 0.3 kW/cap for off-grid applications as
liquid hydrocarbon seems reasonable.
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4.2.3. Yes, 0.5 kW/capita for long distance transport alone
Transport in urban areas can largely be replaced by electric mobility in the
form of electric trains, subways and trams, plug-in hybrids and electric cars,
and electric two-wheelers. Long-distance (freight) transport by truck, bus,
train, ship and plane will remain largely driven by high energy density liquid
hydrocarbons. The total demand for long distance transport of passengers
and freight will continue to grow unless liquid fuel supply becomes
prohibitive. So it is difficult to make a reasonable global estimate: a best
guess is 0.4 kW/cap in the form of hydrocarbonic oil for long-distance
transport. Air transport is difficult without liquid hydrocarbons. Worldwide
air traffic consumes ca 12% of the total transportation energy. Air traffic will
stay relatively small: 0.1 kW/cap. In total about 50% of the total
transportation energy demand (>1 kW/capita) has to be a high energydensity fuel, that is a liquid hydrocarbon, or oil.
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4.2.4. Yes, minimal 0.2 kW/capita for synthetic carbon-based materials and
chemicals
The energy intensive materials like steel, cement and aluminum can be
manufactured without oil, e.g. using electricity. Materials like fibers, paper,
rubber, bitumen and plastics are based on carbon and are made from three
carbon sources: natural, synthetic based on fossil, or synthetic based on
biomass. About a century ago synthetic materials from coal and oil started to
compete with natural materials. First natural dyes were replaced by coalbased paints. Fibers can be from cotton, wool or silk, or can be synthetic
(e.g. nylon, polyester). Packaging materials can either be based on wood
(paper, board) or synthetic materials like poly-olefins. Rubber is originally
a natural material, but now mainly oil-based, thus synthetic. For many
applications synthetic materials outperform natural materials and therefore
synthetics dominate at this juncture. Today the chemical industry is based
on oil (with some coal and gas) as feedstock, but biomass-based feedstocks
start already to replace them (in Plastarch, and polylactic acid plastic).
Bitumen is another significant material made from oil in large quantities
(> 100 million tons in 2007). Worldwide 8% of crude oil goes into feedstock
for petro-chemicals and 4% for bitumen. So globally we need now 0.1
kW/cap oil for materials; in the USA that is already 0.9 kW/cap. If cheap oil is
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depleted and synthetic materials will be made from heavy oil, tar sands and
materials are not included in today’s oil demand. However, bio-based
chemical building blocks as ethylene, lactic acid for synthetic materials are
included in this estimate. A minimum of 0.2 kW/cap oil equivalent is
estimated for feedstock and energy source for the synthetic carbon-based
materials. But the total oil demand for materials could be easily twice the
number.

In conclusion:
People need at least 1.0 kW/cap equivalent of oil products (up from 0.8 kW of
today’s average global capita), far below the USA 5 kW/cap and EU 2.2 kW/cap
today. This is for off-grid applications, long-distance transport and synthetic carbonbased materials and chemicals. It is assumed that urban, short-distance transport is
largely changed from oil to electricity-driven. This can only be realized when there is
a reliable large scale infrastructure for electricity (and gas). For countries that are
still building their infrastructure the dependence on high density fuels (oil) will be
larger. The dependency on oil would then have been reduced from 50% of total energy
consumption in 1970 to 20-25% of 4-5 kW. Assuming a 10 billion people world with
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1.0 kW oil equivalent per capita, the total oil demand is ca 300 EJ/y or 7 billion tons!
(2005 3.4 billion tons)

4.3

Oil supply and Society constraints
It was not a lack of stones that ended the Stone Age

In 2008 oil supply was ca. 4 billion tons (= 170 EJ / y), mainly from so-called
easy oil fields.

The change from fossil to solar and biofuels needs our energy
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Figure 4

Use of crude oil34

Figure 5

Global fossil energy
resource base35

Crude oil supply from conventional cheap ‘easy’ resources will diminish, but
1. There are still large conventional oil resources available (6300 EJ). Oil
exploration continues to find reservoirs, be it at more difficult places like
ultra-deep water or in the Arctic.
2. The oil recovery from present reservoir is on average 1/3, so a lot is left for
various (outdated?) economic reasons.
3. Much more oil can be extracted from heavy oil, tarsands, and even from
shale oils (20,000 EJ). These are more expensive to produce in terms of
capital and energy use than easy oil.
4. Synthetic oil products can be made from Natural Gas (GtL in Malaysia and
Qatar) and from Coal (150,000 EJ) (CtL in South-Africa, China).
So there is no shortage of hydrocarbons stored inside the crust of the earth
that can be converted into (synthetic) oil products! “There is no lack of
stones!”
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Society pushes for not only for much more energy and oil supply but also
for:
- security of energy supply on local and global level
- better distribution of wealth and thus access to resources
- better use of scarce resources, land, water, metals
- safe transport, storage and use of energy
- cleaner environment at home and in cities
- managing global change and climate change
Therefore, governments will put constraints on the use of some energy and
oil sources, while promoting others. Carbon constraints will make heavy oil,
tarsands, shale and especially coal more expensive. CCS, carbon capture and
storage, is a technical possibility to reduce carbon emissions, but it will
always need energy. It is being demonstrated but lacks still government
frameworks to enforce its application.
Nuclear and solar electricity can be used to produce hydrogen from water.
Hydrogen storage is inadequate for the high energy density fuel
requirements (long-distance transport and off-grid applications). Hydrogen
would need to be reacted with a carbon source such as C, CHxOy, CO or CO2
to yield hydrocarbons. It can be reacted with CO2 from the air (artificial

29

photosynthesis), or with biomass (or its derivatives) from photosynthesis.
carbon to meet the demand for liquid fuels.
Nature has developed a route to produce sugars from water and CO2 driven
by sunlight, that is photosynthesis. In effect photosynthesis stores solar
energy in the chemical bonds of carbohydrates. Subsequent cellular
processes could yield molecules with hydrocarbon chains in e.g. vegetable
oils. Photosynhtesis is the first step in each food chain and thus in biomass
production; and woody biomass was the first source of non-food energy
exploited by humans through fire control.

5.

Availability of biomass

The availability of biomass for energy applications is disputed widely in
literature. The two extreme opinions are:
Contra: The present world grain production is 2300 million tons per year (=
40 EJ/y), thus much less than the present 170 EJ/y oil production.

The change from fossil to solar and biofuels needs our energy

Thus a Sustainable Hydrogen Economy still requires a non-fossil source of

090305 Oratieboekje Groeneveld

Pro:

19-03-2009

08:53

Pagina 30

Dedicated energy crops have at least 1% solar efficiency to final
biomass, thus yield 20 t/ha,y. With less than 10% of the agricultural
land available today the oil production can be matched.

Two other facts are often neglected in the dispute:
- 12% of the world energy demand (50 EJ/y) is already from biomass. For 2-3
billion people biomass is the main source of energy!
- Each ton of grain is produced together with ca 2 tons of biomass (often
waste), equivalent to 80 EJ/y.
The integration of agriculture and forestry production for food, feed, fiber
and energy (or fuel) has significant
potential and economic benefits. As
discussed in the introduction: Man
plants the earth, thus man needs to
consider all the impacts on the earth.
Intensive agriculture and forestry
requires a lot of resources like land,
(sweet) water, fertilizer (N, P, K, and
other minerals), herbicides and
pesticides, and has impact on
biodiversity, erosion and landscape –

The change from fossil to solar and biofuels needs our energy
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nature. Further intensification is
Figure 6

barriers to biomass

required anyway to produce the food

production

and feed for the growing and
developing global population.

Thus the additional impact of biomass for energy needs to be outweighed
against the alternatives for oil production. An alternative to the production
of biomass from plants on soil is the production of algae and bacteria in
water. In principle these offer advantages as their solar efficiency is much
better; some produce significant amounts of lipids (which are oily) and some
grow in sea water.
As discussed, humans need energy (>4 kW/cap) and one quarter of that has
to be in the form of liquid hydrocarbons, or oil. Biomass can contain
molecules with long hydrocarbon chains that are easily being converted into
diesel. But most biomass needs chemical and/or bio-chemical processing to
become an alternative source for fossil oil products. Palm oil has presently
the highest oil yield, that is 6 t/ha•y, (0.3 % solar efficiency) while bio-ethanol
is 5 t/ha•y (0.1 % solar efficiency). Of course, in both cases much more raw
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biomass is being produced! Algae can also produce large quantities of lipids
that can easily be converted into diesel.

5.1

Algae

Bacteria were the first species on earth to harvest solar energy for making
molecules.1 There are now many species of cyano-bacteria and algae that
can produce biomass from CO2 and water driven by sunlight. As the
selection for biofuels has just started, their potential is difficult to predict.
Under laboratory conditions some species have shown 5-10% solar efficiency
to biomass; some others produce 20-50% lipids of total biomass.36So a first
guestimate is 100 t/ha•y biomass (5% solar efficiency) of which 20% is lipids
(2% solar efficiency to lipids). System efficiency will be lower as energy is
required for feeding CO2 into the algae reactor, the nutrients, the mixing of
the reactor, and the upgrading of algae to fuel.
In comparison, commercial PV has now ca. 20% plate efficiency, and an
overall ground efficiency of 7-8%, taking into account all practical losses.37
Potentially PV ground efficiency can be more than 15%. Research is going on
using photons to produce directly H2 from water; others aim to reduce CO2
to CO and O2 with photons. However, tt is still a long way to build an
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artificial system that converts air-borne CO2 with water and photons into

Photosynthesis yields primarily carbohydrates - not hydrocarbons. Natural
organisms have other objectives than to supply humankind with bio-diesel,
albeit that some do produce vegetable oil, fats or lipids with long
hydrocarbon chains. Just like developing the best grain producing plant, now
the best lipid producing organism needs to be developed. Besides, the overall
energy efficiency of an algae system needs to be improved. Novel contactors
that transfer CO2 from air to algae, while removing O2 need to be developed.
Lipids need to be recovered from the biomass, and subsequently
hydrogenated to diesel. The remaining biomass contains nutrients like N
that should be recycled. At the same time the biomass needs to be upgraded
for H2 and/or fuel production and to generate electricity for the process.

In conclusion:
The biomass availability for the first generation of biofuels based on food products
(sugar to ethanol, vegetable oils to diesel) is very limited (< 10 EJ/y). The availability
for the second generation biofuels based on biomass, agricultural and forestry
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wastes is significant (ca 100 EJ/y). Growing algae for the third generation biofuels is
still very much in the research phase, but it has an even bigger potential.

6.

Biomass conversion to oil products
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Figure 7

Physical and chemical biomass structures

There are good reasons why the first generation biofuels is based on food.
The feedstock (sugar and vegetable oil) consists of simple molecules which
can easily be converted into fuel components. A bio-ethanol plant is simple
and small-scale, e.g. 100,000 ton per year ethanol. The cost of Brazilian bioethanol competes with oil products. The fossil energy consumption of its
manufacturing is only 10-20% of the output bio-energy. Corn ethanol in the
USA is much more expensive and much less efficient. German rape seed oil
diesel is slightly more expensive than oil, but energy efficient. Palm oil is
cheaper than rape seep oil and also relatively energy efficient.
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The plant makes sugar and oil molecules to store energy, but most of the
plant consist of much more complex molecules (cellulose, hemi-cellulose
and lignin). Cellulose is a polymer of C6-sugar and hemi-cellulose a complex
polymer of C6 and C5 sugars. Lignin is a highly aromatic substance giving
strength to the plant. Some 2nd generation biofuels routes aim to separate
(hemi-)cellulose from lignin, depolymerise it to sugars and convert it into
fuel molecules such as ethanol38 and levulinic acid derivates39. Lignin is
used as fuel for the process, but as lignin is about one third of the plant
material it is in excess for that purpose. The advantage is the molecular
control over the conversion processes and thus the production of a welldefined fuel molecule, albeit at a low (energy) yield.
Other routes aim to convert the whole biomass by thermo-chemical or
biochemical processes. Methane and/or hydrogen can be produced by
biochemical routes or by the thermo-chemical process of hot-compressedwater-gasification. After purification methane or hydrogen can be used as
‘green’ gas.
For the production of liquid fuels two other routes are preferred: pyrolysis
and gasification with O2 followed by synthesis. Biomass gasification followed
by synthesis (methanol, Fischer-Tropsch) requires (preferably pure) oxygen.40
routes is very good. A disadvantage of BtL is that the process is relatively
complex, expensive and requires thus a large scale (>1 million t/y fuel). Large
scale means inevitably a large area to produce biomass and thus costly
collection.
Pyrolysis is an atmospheric process that heats (dry) biomass to ca 500 ºC.
Slow heating pyrolysis is well-known for making charcoal; rapid heating
pyrolysis produces mainly oil. The first generation fast pyrolysis processes
makes ca 65 wt% oil, 17.5 wt% gas and 17.5 wt% char. About 70% of the
energy content of the raw biomass is converted into oil. Char is burned to
supply the heat for the process. Pyrolysis is a simple, small-scale process for
the conversion of biomass into a liquid py-oil that is, in addition, easily
transported. A large-scale bio-refinery collects its py-oil from several
distributed plants and integrates well with conventional crude oil refining.
The transportability of the oil is much better than the biomass, and the
energy density is good (20-30 MJ/l). Ashes are mostly retained in the char,
recovered after combustion and can therefore be returned to the soil. Twente
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University has already developed two fast pyrolysis technologies: the
rotating cone reactor41 commercialized by BTG with a first 2 t/h commercial
plant in Malaysia42 and the fluid-bed pyrolyser with in-situ filtration.43

Figure 8

Biomass and biorefining logistics Figure 9

Biomass pyrolysis

Py-oil can be stored and pumped, thus used as heating oil for boilers and
furnaces. Conversion of py-oil to gasoline or diesel requires still a few
process steps. Therefore the present developments in pyrolysis aim to
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modify the py-oil quality (reduce acidity, oxygen content, coking tendency)
while maintaining simplicity of the process. The next step is to separate
water from oil and separate valuable base chemicals like phenol, acetic acid,
and others. The oxygen content of py-oil needs to be reduced from 30% to ca.
15% to increase the feedstock compatibility with existing refineries. Three
processes are being explored HPTT (High Pressure Thermal Treatment), DCO
(catalytic De-Carboxylation) and HDO (catalytic Hydrogen De-Oxygenation)
to find the optimal process with minimum hydrogen consumption and low
coke-char formation. After product oil has been produced that easily blends
with refinery feed stocks, conventional FCC (cat-cracking) and HC (hydroprocessing or hydro-cracking) can be used to produce gasoline and diesel
components.
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Novel fast pyrolysis reactors Figure 11 Overall BIOCOUP biorefining
scheme

Our research aims to study the whole chain, maintain a simple small-scale
pyrolysis front-end and use more complex technologies after py-oil has been
cheaply collected and exploit the full benefits of economy-of-scale by
integration with existing crude oil refineries. BIOCOUP is an EU project
where we cooperate with partners in this development.44
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Conclusions

Society needs more energy to satisfy the needs of all people. The energy
demand analysis here presented shows that each person needs on average
at least 1 kW for food production (agriculture and food processing), 1 kW for
fulfilling domestic needs (heating, cooling, appliances and communication),
1 kW for all transportation and 1 kW for making materials. This is
significantly less than today’s Western demand (Netherlands 6 kW/cap, USA
11 kW/cap), so it assumes that energy efficiency has been improved a lot, or
life style has been changed significantly. Society pushes also for better
distribution of wealth, better use of scarce resources, a better environment
and avoiding climate change as well as security of energy supply to
everybody. These drives will reduce the crude oil consumption and boost the
use of electricity (from coal, nuclear, water, wind and solar) and gas through
a large-scale energy infrastructure. However, even in case of a reliable energy
infrastructure ca 1 kW/cap oil (liquid fuel) is needed for off-grid applications,
for heavy, long-distance transport (planes, ships, trains, and trucks) and for
synthetic carbon-based materials and chemicals. Oil (liquid fuel) is also
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needed for large-scale energy storage to mitigate energy supply
interruptions.
Assuming 10 billion people consuming 4-5 kW/cap means that total energy
demand grows from 410 EJ in 2005 to 1300 – 1600 EJ/y; consuming 1 kW
oil/cap means oil demand grows from 175 EJ/y (3400 MTon/y) in 2005 to 325
EJ/y (7000 MTon/y). So despite a relative reduction of oil consumption from
43% to 25%, the demand for liquid hydrocarbonic fuel products doubles.
Consequently new sources for oil (high energy-density liquid fuel) need to be
developed. Photosynthesis has been the origin of crude oil and will be an
important source of biofuels. The first generation biofuels is based on food
(sugar, vegetable oil); the second generation is based on agricultural and
forestry wastes. Simple, small-scale pyrolysis converts biomass into a liquid
py-oil that can be easily stored and transported. Collecting py-oil from
several plants, subsequent upgrading and process-integration with existing
crude oil refineries can lead to a significant additional source of oil. Third
generation biofuels is based on growing algae or bacteria in dedicated
systems, optimizing CO2 and sunlight supply, making fuels, while recycling
nutrients, or minerals.
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Globally (poor) people use 50 EJ/y biomass as fuel. About 80 EJ/y biomass byproducts are produced and further optimization of food-feed-fuel production
is possible. Dedicated energy crops at 1% solar efficiency grown on 10% of
our agricultural land can produce 200 EJ/y, while algae reactors have the
potential to achieve at least 5% solar efficiency. So photosynthesis is an
important source for additional oil products.
Can these biofuels compete with crude oil? Brazilian bio-ethanol can, albeit
that one of the reasons is its very cheap labor. But let me be clear, easy oil
and gas require very little effort in terms of capital and labor to be collected
from the earth. All other energy sources will require more effort!
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We need to work for our energy again!
Engery workers per 1000 people of 4 kW
Fuel wood
Peat

900
20

Sri Lanka, 4 women hours for 20 kg
Dutch, Golden Age 16th century

Coal

0.1

USA, 1950 ca 1 tonne per manhour USA, 2003, now 6 t/mh

Oil

0.05

Saudi Aramco 3.1 billion barrels oil, 0.4 billion boe NGL,
2.9 trillion cuft NG with 52.000 people

Gas

0.03

NAM 48109 m3 gas, 36103 m3 oil with 1840 people

Bio-alcohol

50

Charcoal

3

Solar PV

ca.1

Brazil, 16.3 billion ltr/y with 1.09 million people
(50/50 production/processing)
Modern, FAO 10,000 tonnes/year; managed forest and kilns
need 40 people
Solland production from wafers 2007 60 MWp with 210 people,
2010 500 MWp with 1000 people = 0.4

Michiel Groeneveld
oratie 30-10-08

Table 6

48

Number of humans that need to work on energy supply in a 4 kW society

and automatization in the West have replaced much of our work hours for
primary needs like food, materials, safety by fuels. This created time for
many nice other things. All people on earth would like to have that
comfortable living and thus the demand for energy will increase. The
limitations of cheap and easy fossil fuels have become imminent (limited
sources of supply, impact on environment and climate, easy oil and gas
running out). We need to revert to direct solar light as our main source of
energy. However, harvesting and converting incident sunlight into usable
energy and fuels requires more of our effort than extracting easy oil and gas
from the earth. Thus: the change from fossil to solar and biofuels needs our
energy.
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Energy is a key enabler for healthy and wealthy human life. Mechanization
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Thank you.

Twente University gives me now the opportunity to devote my energy to
develop new solar and biofuels and I want to thank the UT for that! The staff
in the group Thermo-Chemical Conversion of Biomass has a lot of energy for
this as well — TCCB thank you!
In the past, Twente University, then still THT, gave me not only my basic
education in Chemical Engineering, but also through Wim van Swaaij en
Ton Beenackers my passion for research, especially in biomass and in
energy. Energy Equipment Engineering B.V. gave me hard lessons about
starting a business from an invention. Entrepreneurship has to be combined
with a passion for money to be successful. Within Shell I learned about
large-, even huge-scale chemical processes and that a laboratory unit should
never be a dinky toy version of a full-scale plant. The integration between
catalysis, reactor and process research delivers breakthroughs. I hope that
such synergy can be achieved at UT as well. Starting-up a real plant like
SMDS Bintulu was a challenge that could only be achieved through hard
work and cooperation of many people with different backgrounds and
capabilities. It is stressful, also for our families. But it really brings people
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together beyond their work.
However, I am happy to return to research and to get the opportunity to lead
a research team again. In the new commercial framework of Shell Global
Solutions I could take the concept of sustainability into concrete research
projects on hydrogen, CO2 Flexifining, biofuels and many others. Colleagues
in OGER, thank you! Shell Exploration and Production learned me about the
new technologies to find new oil/gas fields, to recover oil from those difficult
fields and to store CO2. Meanwhile I had to learn a lot about geology, physics
and mathematics. Colleagues in RXX, thank you! Innovation is irritation, not
because the innovator irritates, but because most people resist to something
new. GameChanger people were never irritated by something new; they took
our wildest ideas seriously and helped to generate a credible business case.
Thank you!
I thank Wim van Swaaij en Frank Niele for their comments on this inaugural
lecture!
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Frans Waals was my best friend; he died suddenly in 2006. He learned me
about change, in an organization, in life and more importantly in myself.
Without my family I could never have been successful. I have been
sometimes difficult to live with, but you make me feel happy. Lu See, Margo,
Gustaaf and of course Giny who died in 2001, thank you!

Ik heb gezegd.
P.S.
My inaugural lecture on 30-10-08 was in Dutch. However, as it is my
intention to submit this lecture also as a paper to a scientific journal, this
account has been written in English.
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