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Quick thought?
Progression of thinking


You are approaching the time of most 
growth and expansion of your intellectual 
capabilities


What could be happening?


!

Knowledge       Understanding (College)


Novel creation + quantitative skills
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Engineering!
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Outline
Energy (Power if we want to use it!)


How can we think of different 
technologies?


Underlying chemistry


Cost


Energy density


Clean or not?


Sustainable or not?
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Rise of oxygen (why we breath 
air!)

Aerobic digestion is 17 

times more energetic 


than anaerobic digestion

!

All of this oxygen comes 
from 


various kinds of plant 
growth

Two classes of reactions that use glucose

C6H12O6 ⎯→⎯ 3CO2 + 3CH 4

C6H12O6 + 6O2 ⎯→⎯ 6CO2 + 6H2O
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"Oxidation States" of Carbon
n  -4  Methane


n  -2  Hydrocarbons, Alcohols, Oil


n  -1  Aromatics, Lipids


n   0  Carbohydrates, Coal


n+2  Carbon Monoxide


n+4  Carbon Dioxide
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Energy for society

!

!

!

!

Where it comes from now!


Will it change?

Fossil Fuels
Nuclear
Renewable
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Growth is about 2.5%/yr
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The sluggish pace of global economic growth takes  
some pressure off energy demand. In addition, supply-
side energy policies help unlock resources, and optimistic 
projections for recoverable resources prove to be correct.

Tight/shale gas and CBM enjoy widespread success 
and grow to form a ‘gas backbone’ to the global 
energy system. Strategic urban planning promotes 
more compact city development and promotes transport 
electrification. Hydrogen infrastructure is developed 
for energy storage and transportation from intermittent  
or remote renewables in the longer term.

Demand for liquid fuels is tempered, and oil prices 
remain moderate on average. Natural gas prices 
converge globally at lower levels as a result of low-cost 
resource plays, such as shale gas, emerging worldwide. 
Moderate energy prices lead to high-cost resources being 
left in the ground, which puts pressure on some resource 
holders that are highly dependent on energy revenues. 

Partial displacement of coal by gas and the incentivisation 
of CCS all contribute to greenhouse gas emissions 
reducing rapidly after 2030. Nevertheless, emissions 
exceed the trajectory required for a 2°C pathway.

THE SLIPPING PACE OF DEMAND
With continued economic slowdown in some regions, 
and disappointments in growth and trade becoming 
more widely spread, the global financial turbulence  
of the early 21st century initiates a prolonged  
period in which the pace of energy demand  
growth is moderated. 

In the 2020s and 2030s, some of the previously  
fast-emerging economies struggle with overcoming  
the political and social barriers to implementing waves 
of structural industrial and financial changes that can 
sustain an elevated pace of economic development. 
Despite global population growth, this softens the  
pace of demand acceleration for resources.

Before the middle of the century, however, a number  
of large economies emerge from the middle-income  
doldrums, and global economic growth begins to 
trend higher again. Nevertheless, because of the 
long-term impact of earlier measures, such as compact 
urban development and electrification, this economic 
growth does not translate into energy demand surges, 
particularly given the proportion of development 
occurring in the less energy-intensive service sector  
by then. This divergence marks the break in a hitherto 
strong correlation between economic and energy 
demand growth.

ENERGY AND THE ASCENT OF GAS

The 1990s’ hype about hydrogen as a transport fuel  
had become quieter by the mid-2000s. Meanwhile, 
hydrogen has continued to play a little-noticed but 
substantial role as an industrial feedstock, for example,  
in ammonia production and oil refining. World 
production of hydrogen today has an energy content 
equivalent to 2% of total energy demand, or just over 
10% of world electricity production. In Mountains, 
hydrogen is finally brought into the mainstream energy 
mix when forces from different sectors combine in a 
virtuous circle. 

Electricity companies find it increasingly difficult 
to balance base load and intermittent sources of 
generation, and hopes fade that smart grids will be 
able to meet the sheer scale of the challenge to balance 
the system on their own. Scares over brownouts start 
to increase, and attention to hydrogen-based energy 
storage redoubles as building power stations that are 
idle most of the time proves expensive and difficult to 
sustain. Independently, public interest in next-generation 
fuel-cell vehicles grows. Top Gear™ decides for its 40th 
anniversary edition in 2017 to celebrate a widening 
range of ‘reassuringly expensive’ high-performance 
hydrogen fuel cell vehicles now in reach for wealthier 
consumers in both the West and the rapidly rising 
economies of Asia.

Building on earlier small-scale collaborative 
programmes, an alliance of car companies, energy 
companies, and hydrogen industry suppliers formed 
in 2020 secures support and incentives in several 
countries for substantial programmes to build hydrogen 
infrastructure. Policymakers recognise the pressing need 
to secure stable and affordable electricity supplies and to 
reduce emissions from urban transport. The prospect of 
a more flexible, efficient, and clean energy system from 
integrating fossil fuel use with carbon dioxide capture 
is also attractive.

Complementing on-site production in areas of heavy 
industry, which encourages economies of scale, local 
and then regional grids develop. Hydrogen production, 
primarily from gas, increasingly becomes integrated with 
the electricity system. Whilst some hydrogen use remains 
hidden as energy storage at power stations for times 
of low demand, its end-use as a direct energy carrier 
becomes obvious in society in transport and distributed 
power generation. By 2060, transport uses of hydrogen 
overtake industrial demand, with passenger cars being 
the primary force that stimulates uptake. Freight road 
transport follows later. 

By the end of the century, it is possible that hydrogen has 
risen, phoenix-like, from its position at the beginning. 

THE HYDROGEN  
PHOENIX IN MOUNTAINS

OVERVIEW AND FOREWORD INTRODUCTION NEW LENSES FOR A NEW ERA MOUNTAINS OCEANS
REFLECTIONS ON DEVELOPMENT  

AND SUSTAINABILITY
CONCLUDING REMARKS TABLES AND TIMELINE MOUNTAINS

BACK 7 / 12 NEXT 
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Really!!
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60%
Oil and gas will supply 

about 60 percent of 

global energy demand 

in 2040, up from 

55 percent in 2010.

OTHER
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Best “new” energy source?
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The global economy is expected to grow  
at an annual average rate of 2.8 percent from 
2010 to 2040

Economic growth, and the improved living standards it 

enables, will require more energy.

Non OECD countries will contribute slightly more than half of 

total economic growth over the Outlook period. China alone will 

contribute more than 20 percent of global economic growth as 

its economic output rises, on average, more than 5 percent per 

year through 2040. India, whose economy is about one-third 

the size of China’s economy today, will grow at a similar rate on 

average, and will be increasingly important as a leading growth  

engine in the decades ahead. With increases in their working- 

age populations, India and Africa will become two of the 

strongest areas of GDP growth over the next 30 years. 

Meanwhile, Africa’s GDP is expected to grow by an average  

of about 4 percent annually, through 2040. 

Economic growth in OECD countries will be led by the United 

States, which contributes roughly 20 percent of the growth 

in the global economy. This growth is aided by the country’s 

growing working-age population.

In 2040, global energy demand will be approximately  

700 quadrillion BTUs, or about 35 percent greater than in 

2010. Global energy demand does not rise as dramatically as 

economic growth as a result of declining energy intensity, or 

the amount of energy used to produce a unit of GDP output. 

While energy demand in the OECD will be essentially flat to 

2040, economic output will increase by 80 percent. 

This ability to significantly expand prosperity with relatively 

modest growth in demand reflects the combination of two 

key factors. First, the economic structure changes over 

time. For example, China will move from an energy-intensive 

manufacturing-based economy today to a more consumer-

based economy, requiring less energy use per unit of GDP. 

Second, energy efficiency improves across all sectors. 

In all countries, modern technologies, fuels and energy 

management practices replace less efficient ones. Building 

and manufacturing processes use less energy, the cars we 

drive are more fuel-efficient and more natural gas is used for 

electricity generation.

All of this combines to slow energy demand growth in 

comparison to gains in economic growth and living standards.

GDP
Trillions of 2005 dollars
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 US Rest of OECD China Rest of Non OECD
1/1/00 11230 21124 1409 5987
1/1/01 11351 21433 1526 6143
1/1/02 11557 21739 1665 6343
1/1/03 11851 22064 1831 6648
1/1/04 12262 22689 2016 7108
1/1/05 12638 23221 2244 7540
1/1/06 12974 23974 2529 8052
1/1/07 13223 24707 2888 8629
1/1/08 13178 24784 3165 9050
1/1/09 12719 23756 3457 9057
1/1/10 13104 24427 3814 9617
1/1/11 13327 24804 4165 10042
1/1/12 13620 25044 4519 10478
1/1/13 13960 25483 4903 11001
1/1/14 14314 25982 5296 11522
1/1/15 14682 26540 5693 12038
1/1/16 15059 27099 6097 12560
1/1/17 15447 27669 6512 13096
1/1/18 15843 28252 6935 13648
1/1/19 16251 28846 7372 14212
1/1/20 16668 29451 7821 14793
1/1/25 18831 32562 10271 17925
1/1/30 21171 35885 13108 21508
1/1/35 23537 38980 16180 25484
1/1/40 26226 42264 19310 30128
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Global energy demand
Quadrillion BTUs
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Energy savings through
efficiency gains

500 
quadrillion
Businesses and 
consumers will help 
generate energy 
savings of about  
500 quadrillion BTUs 
across our economies 
in 2040. The greatest 
source of energy 
for the future is 
continuing to use it 
more efficiently.
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Changing energy mix
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Global energy mix continues to evolve
Oil, gas, nuclear and renewables grow, while 
coal experiences a decline by 2040

With global energy demand increasing around 35 percent 

from 2010 to 2040, a diverse, reliable and affordable fuel mix 

will be needed to provide the energy that enables economic 

growth and societal advancements. As our world changes –  

with improved living standards, more fuel-efficient vehicles 

and modern appliances and buildings, as well as increased 

limitations on greenhouse gas emissions – some important 

changes occur in the makeup of our energy supply. 

Oil will remain the largest single source of energy to 2040, 

growing around 25 percent. But the most significant shift in 

the energy mix occurs as natural gas displaces coal as the 

second-largest fuel by 2025. Gas will grow faster than any 

other major fuel source, with demand up 65 percent by 2040. 

An economical and clean fuel source, gas grows in importance 

as it helps meet rising power generation demand in the future.

Because they are abundant in supply and more economical 

to develop than other fuel sources, oil, natural gas and coal 

will continue to play a major role in long-term energy supply. 

Together, these three fuels will provide approximately  

80 percent of total global energy by 2040. The industry has 

established stringent practices to ensure that producing wells 

protect groundwater while at the same time minimizing overall 

environmental impact.

Even so, as the world moves to less carbon-intensive fuel 

sources, coal will peak and begin a gradual decline in 2025 

and is predicted to end up at about the same level it was 

in 2010 by the end of the Outlook period. Nuclear will grow 

significantly, mainly due to rising electricity demand and a 

desire to reduce CO2 emissions. From 2010 to 2040, the  

use of nuclear energy is predicted to double.

Another notable shift in the energy mix is the significant growth 

in wind, solar and biofuels. These three fuels grow rapidly, with 

demand in 2040 more than five times the 2010 level. Still, by 

2040, they will only make up 3 to 4 percent of total world energy, 

as greater advances in technology are needed to increase the 

commercial viability and associated economics of developing 

these resources.

Energy mix continues to evolve 
Quadrillion BTUs
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Column1 2010 2040
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Gas 115 189
Coal 134 131
Nuclear 29 59
Biomass 49 55
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Changing energy mix
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Energy supplies continue to change
Our world’s energy supplies have changed throughout 

history. The most dramatic changes occurred in the past 50 

to 60 years, as advances in our productivity and a dramatic 

evolution of technology enabled higher living standards and 

created better lifestyles for people.

Today, the world consumes about 25 times the amount of 

energy used 200 years ago. A diverse supply mix helps ensure 

more people around the world have access to energy that is 

reliable, affordable, convenient and clean.

The rapid rise of oil use from 1900 to 1950 fueled the growth 

of modern transportation and dramatic gains in intra- and 

inter-regional trade. 

And today, natural gas is poised to surge as technology 

unlocks huge resources of this useful energy. At the same 

time, modern renewables are gaining prominence in many 

countries, in many cases as a result of significant public 

policies including public funding of new production capacity. 

With advances in technology over the past decade, from 

computers to smartphones, it’s easy to think that the fuel 

powering these advances might change just as quickly. But 

that’s not the case. Developing new energy sources and 

scaling them up to make an impact takes time and resources. 

It took 100 years from the first oil well discovery until oil 

became the No. 1 source of energy in the world. 

The IEA estimates that an unprecedented level of investment –  

an estimated $1.6 trillion per year on average – will be 

necessary to meet energy demand through 2035. That’s why 

ExxonMobil looks ahead to develop an informed view of what 

the energy future will look like to 2040. A team of experts 

within ExxonMobil developed this energy forecast. This job 

is challenging, and subject to uncertainties and unexpected 

developments. 

The evolution of energy, technology and the human progress 

it enables will continue. Ultimately, what types of fuel and how 

energy will be used will depend on actions taken by consumers, 

suppliers and policymakers. Being informed enables all of us to 

make better decisions about our energy future.

Global fuel mix by decade
Percent

Smil Bio Coal Oil Gas Hydro Nuc Renew
"1800" 98.28 1.72 0 0 0 0 0
 97.86 2.14 0 0 0 0 0
 97.56 2.44 0 0 0 0 0
 96.03 3.97 0 0 0 0 0
 95.13 4.87 0 0 0 0 0
"1850" 92.69 7.31 0 0 0 0 0
 86.75 13.25 0 0 0 0 0
 80.83 19.11 0.06 0 0 0 0
 72.87 26.67 0.35 0 0.12 0 0
 62.55 36.17 0.83 0.31 0.13 0 0
"1900" 50.51 47.34 1.49 0.53 0.14 0 0
 40.91 55.43 2.54 0.91 0.21 0 0
 38.66 54.74 4.95 1.3 0.36 0 0
 36.41 51.04 8.85 3.04 0.66 0 0
 32.06 51.43 11.78 3.88 0.85 0 0
"1950" 26.81 45.05 19.46 7.48 1.19 0 0
 21.96 38.14 27.14 11.05 1.7 0.02 0
 11.12 25.48 42.73 18.38 1.82 0.41 0.07
 10.02 24.01 42.88 18.41 2 2.52 0.17
 9.90 24.01 37.99 19.88 2.03 5.79 0.4
"2000" 9.79 21.61 37.90 21.44 2.15 6.45 0.66
 9.29 25.71 34.01 21.95 2.22 5.48 1.34
 8.29 24.81 32.37 23.55 2.39 5.90 2.32
 8.15 22.44 31.05 25.34 2.58 6.84 3.15
"2040" 7.83 18.60 31.65 26.75 2.72 8.36 4.08
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Power by “cost”
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New construction: Electricity Cost  
Solar is too High 

Wind is higher than Coal

Loaded Cost of Electricity

(Cents per kWh)

cents/KWH



Future cost of electricity
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Natural gas and nuclear become the most 
economic fuels for generating power

The economics of electricity are influenced by a number of 

factors, including technology, environmental impacts, public 

policies, capital investment costs and fuel prices. These 

factors considerably change the landscape in determining  

the most economic fuels for generating electricity.

Today, coal is a very competitive economic option for generating 

electricity. However, as costs arising from greenhouse gas 

policies are considered, natural gas becomes increasingly 

competitive, due to the fact that it emits up to 60 percent less 

CO2 than coal when generating electricity. That is why by 2030, 

as implied CO2 costs rise to about $60 per ton in the OECD, we 

expect global coal demand will begin a long-term decline for the 

first time in modern history.

Renewables are already playing a bigger role worldwide. As 

renewables – particularly wind and solar – gain share, there 

is increasing awareness of the potential downside that these 

intermittent resources may have on the cost and reliability 

of electricity supplies. This is particularly important in those 

areas where a significant share of generating capacity may 

not be available due to lack of wind or sunshine.  

When the costs to overcome the challenges of intermittency 

and reliability are fully accounted for in the economics of 

wind and solar energy, it becomes clear that they will require 

subsidies, mandates or a relatively high cost of CO2 to be 

competitive with other alternatives.

The United States represents a good example of how these 

variables can impact fuel demand for electricity. Coal faces 

a significant challenge from policies to reduce greenhouse 

gas emissions; wind and solar face challenges related to 

economics and reliability considerations (see page 31); 

and nuclear faces unique considerations regarding public 

perceptions of safety. At the same time, new gas-fired 

generating units use very efficient technologies and are easy to 

build at a reasonable cost, flexible to operate and supported 

by abundant gas supplies. As a result, gas is increasingly 

viewed as the most economical fuel choice for electricity 

generation for the United States.

In the future, carbon capture and storage (CCS) technologies 

may offer another approach to help reduce CO2 emissions. 

However, the use of CCS will likely be limited until improved 

technologies are developed, and countries adopt appropriate 

legal and regulatory frameworks to manage its use and 

potential impacts over time.

Average U.S. cost of electricity generation in 2030
Cost per kilowatt hour in 2012 cents
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No Cost of CO2

Gas-CCSCoal-CCSSolar PV + BackupSolar PVWind+BackupOnshore Wind*NuclearGasCoal

Column1 No Cost of CO2 $60/ton CO2
Coal 6.26 10.99
Gas 5.58 7.66
Nuclear 8.55 8.55
Onshore Wind* 9.02 9.02
Wind+Backup 11.68 11.68
Solar PV 12.59 12.59
Solar PV + Backup 13.53 13.53
Coal-CCS 11.80 12.30
Gas-CCS 8.62 8.86

Data as of 10/19/2012

Solar PV*Onshore Wind*

Reliability
cost

Reliability
cost

60%
Natural gas, which emits 
up to 60 percent less CO2 
than coal when used for 
electricity generation, will 
gain the most. By 2040, 
natural gas will account 
for 30 percent of global 
electricity generation, 
compared to just over  
20 percent today.



Power Density

How much power can be produced from:


A fixed weight of fuel


important for transportation


A fixed volume of fuel


a real problem for a small vehicle


On a given amount of land area
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Text

Energy/
volume
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Major Challenges

kWh/kg kWh/gal Eq. vol.(gal)                  
(5 kg H

H 33.3 5.0 33

Liquid H 33.3 8.9 18

Gasoline 11 33.6 8.3

Energy density of hydrogen
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Challenges of renewable Energy: 
Land area use

Let’s consider


Wind


Solar


Biomass

19
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Wind
Roughly, it takes 350-450 square miles of 
windmills (approximately 13000 wind turbines) 
to produce the electrical equivalent of a large 
coal or nuclear plant: 1000MW.


This is the size of St. Joseph Co. IN


300,000 people live here and we use about 600 
MW


We don’t have very good wind here (so it would 
not work) and it would seem a bit inconvenient 
to cover 1/2 of the county with windmills 

20
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Energy Density of Wind and solar
If we work out the numbers, the power density of wind is about


0.004 MW/acre


What could we compare this to (Engineers always want to make comparisons!)


How about solar flux?


We can capture only part of the solar flux for useful heat, much less for 
electricity


What are these numbers?


Solar flux averaged over the earth is ~350 W/m
2


While nothing more energetic than a tree “runs” directly on solar, this gives a 
value of about


0.3 MW/acre

21



Solar Land Area Requirements

3 TW
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Energy Density of 
Ethanol from corn

About 2.7 gallons of ethanol can be obtained 
from a bushel of corn


Iowa can average about 160 bu/acre, which 
gives us about 400 gallons per acre


This is about 1200 W/acre or 0.001 MW/acre

23
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More about Ethanol?
Ethanol, mostly from corn, provides about 1.5% of 
highway fuels in the US.


The cost is subsidized….


EtOH production from corn has a ERoEI that is estimated 
to range from .7 to ~1.3.


So ethanol may be an energy source, just not a very high density 
one.


There is no apparent pollution or green house gas benefit


There is not enough land area to greatly change the 1.5% 
number and there is definitely an effect on food prices


Ethanol from cellulose would be a better 
alternative
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What Else to Compare

1000 MW power plant using coal might 
occupy 100 acres


This is enough power for 1 Million people 
in the US


1 really good oil well could produce 100,000 
bbl/day


This is an equivalent amount of power


25
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Coal to Electricity: 1000 MW


Solar to Electricity: 30 MW


Wind to Electricity: 0.4MW


Corn to liquid fuel: 0.1 MW


10 oil wells (surface footprint): 10 GW

On a 100 acre Site:

26
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Power:  
Sustainable? 

Clean?
Nuclear


Could be...


Solar


Should be...


Biomass


Only if cellulosic and even then it takes a lot of land


Wind


Should be


Coal
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Coal and Carbon 
Sequestration

28

Figure 1:  Coal-fired Power Plant Prior to CO  Sequestration (600 MW)2
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Note: GHGs (CO , CH , and N O) expressed in million tonnes CO -equivalents/yr at 100% capacity2 4 2 2

prior to adding CO2 capture and sequestration.  The coal-fired power plant design and ultimately the
CO2 capture technology is the same as one given in Chris Hendriks thesis2.  The predominant
greenhouse gas emitted from coal combustion is CO2 and there are negligible amounts of CH4 and
N2O.  The nitrogen is primarily emitted in the form of NOx.  Figure 1 shows the GWP for the
reference system to be 4.44 million tonnes CO2-equivalent/yr and the energy balance reveals that
2,090 MWth of fossil energy is consumed to produce 600 MW of electricity.  The GHG emissions
for coal mining and transportation were taken from a previous LCA on coal-fired power production3.

After adding CO2 capture via a monoethanolamine (MEA) system, the CO2 was compressed,
transported via pipeline, and sequestered in underground storage such as a gas field, oil field, or
aquifer.  CO2 capture and sequestration consumes additional energy, therefore, in order to maintain
power generation capacity, additional capacity must come from another source.  Two scenarios were
examined to account for the capacity loss: adding extra capacity from a natural gas combined-cycle
system and adding extra capacity from the grid.  The NGCC system was chosen because this type
of power generation is currently being constructed and future power plants are anticipated to be
NGCC.  For the grid option, the mid-continental U.S. generation mix was used.

CO2 TRANSPORT ASSUMPTIONS

To examine the effect of distance, the CO2 transport distance was varied from 300 km to 1,800 km
then the CO2 was discharged to an underground depth of about 800 m.  To recover the pipeline
pressure drop, compressor stations were assumed to be at 300 km intervals.  The electricity for the
re-compression step was assumed to be the generation mix of the mid-continental United States,
which according to the National Electric Reliability Council, is composed of 64.7% coal, 5.1%
lignite, 18.4% nuclear, 10.3% hydro, 1.4% natural gas, and 0.1% oil.  The greenhouse gas (GHG)
emissions associated with this mix were taken from a database, known as Data for Environmental
Analysis and Management (DEAM), within the life cycle assessment (LCA) software package Tools
for Environmental Analysis and Management (TEAM®), by Ecobalance, Inc.

There will be emissions associated with building, drilling, and laying the pipeline.  The GHG
emissions for building the pipeline were taken from a previous NREL report which examined the
life cycle assessment of a natural gas combined cycle power plant 4.  In this report, the emissions for

< 30% efficiency !
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Capture and Sequester 
carbon

29

Figure 2:  Coal-fired Power Plant with CO  Sequestration and 145 MW of NGCC Capacity Added to Maintain 600 MW2

2,435 MW
fossil

 energy in

th

Increase in
fossil energy
consumption

 = 16.5% (b)

600 MW
electricity out

e

mining

coal 
pwr plant op.

NGCC 
pwr plant op.

transportation

system boundary

construction

nat gas 
prod & dist

0.24/yr (a)

600 MW Coal plant w/CO
sequestration

net power = 457 MW

2

 

NGCC = 145 MWpipeline
 transport of CO  

= 2 MW
2

GWP reduction
 = 70.7% (b)

Total
1.30 million tonnes
 CO -equivalent/yr2

0.42/yr (a)

0.01/yr (a)

0.47/yr (a)0.16/yr (a)

+

CO seq.
3.78/yr 

2 
(a)

Notes: (a) GHGs (CO , CH , and N O) expressed in million tonnes CO -equivalents/yr at 100% capacity;  (b) Change in GWP and change in fossil energy consumption compared to reference2 4 2 2

Figure 3:  Coal-fired Power Plant with CO  Sequestration and 145 MW of Grid Capacity Added to Maintain 600 MW2

Notes: (a) GHGs (CO , CH , and N O) expressed in million tonnes CO -equivalents/yr at 100% capacity;  (b) Change in GWP and change in fossil energy consumption compared to reference2 4 2 2

(U.S. mid-continental grid mix is 64.7% coal,  5.1% lignite, 18.4 10.3% hydro, and 0.1% oil)% nuclear, 1.4% natural gas, 
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Figure 2 shows that if natural gas is used to account for the lost capacity then the net reduction in
GWP from the reference system (shown in Figure 1) is only 71% and the fossil energy consumption
increases by 17%.  The net reduction in GWP is not as large if the additional capacity comes from
the grid.  However, there is still a savings of 60% with a 25% increase in fossil energy consumption
(Figure 3).

In order to further reduce the GWP of the system, CO2 could be sequestered from successive power
plants.  For example, in the NGCC case, the CO2 from the 145 MW NGCC plant could also be
sequestered.  In this case, the GWP for the system is reduced by 77% from the reference system
(shown in Figure 1) with a 20% increase in fossil energy consumption.  One could continue to
sequester CO2 from the last fossil fueled power plant but it was found that further sequestering of
CO2 reduces the system GWP and increases the fossil energy consumption by negligible amounts
compared to the values stated above.

COMPARISON TO BIOMASS-BASED ELECTRICITY

Past NREL LCA studies5,6 have shown that biomass-based electricity production has the opportunity
to make significant reductions in greenhouse gas emissions per kWh of electricity produced.  Figures

Now even less efficient, but much less CO2 
into atmosphere



ISSUES 
WITH 
SOLAR

A noble pursuit, but 
keep your eyes open!

Solar to liquid fuel

ISSUES 
WITH 
SOLAR

A noble pursuit, but 
keep your eyes open!

CO2 + 2H2O
hν⎯ →⎯ CH 3OH + 3

2
O2

Solar to liquid fuel
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Solar Energy Storage 
nIn atmospheric pressure gradients (wind) and 
terrestrial elevation gradients (hydro)


nIn carbon in the zero oxidation state (biomass or 
coal)


nIn carbon in other oxidation states (via 
disproportionation, digestion, fermentation)


nIn other redox systems (batteries)
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Climate models and data

32

From Roy Spencer’s website
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Recap
One way to compare potential utility of energy 
systems is to look at power produced per acre 
of land


Coal to Electricity: 1000 MW


Solar to Electricity: 30 MW


Wind to Electricity: 0.4MW


Corn to liquid fuel: 0.1 MW


10 oil wells (surface footprint): 10 GW


We breath air and use oxygen in metabolism 
because this is 17 times more energetic than a 
non-aerobic digestion reaction
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Recap continued

Current energy sources are ultimately 
unsustainable and cause at least some 
degree of extra forcing on climate stability


Solar could provide all of the power society 
needs, but current costs are much too high 
and current storage technologies inadequate
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Engineers like to compare 
things

If I asked: “.. how far is it to Chicago?”


would you answer


“a couple of hours” or...


“about 90 miles”


If I asked: “.. is a meter a long distance?”  what would 
you say


“No”, compared to the distance to Chicago


“Yes”, compared to a micron
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Importance of dimensionless numbers

Reynolds number:


Another number


 
� 

Inertia  forces
Viscous  forces

� 

Cr ≡ How  Smart  You Are
How  Smart  You  Think  You  Are
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Dimensionless Confucius Proverb

He who knows not and knows he knows not is a 
child, teach him, Cr~1


He who knows not and knows not he knows not is 
a fool, shun him, Cr<<1


He who knows and knows not he knows is asleep, 
awaken him, Cr>>1


He who knows and knows he knows is wise, follow 
him Cr~1

� 

Cr ≡ How  Smart  You Are
How  Smart  You  Think  You  Are
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Mathematical analysis

Could be pretty simple:


What if we read the Wall Street Journal


Wind power


http://online.wsj.com/article/
SB1000142412788732431010457850724233
6481504.html?KEYWORDS=wind+energy

38



POWER AND WIND SPEED?
•How does the power generated by the windmill change 
with wind speed?	

•How is power being generated?	

•Wind flows through area swept by blades	

•Windmill converts this kinetic energy to electric power

Air flow in Air flow out

Power out



POWER AND WIND SPEED?
•How does the power generated by the windmill change with 
wind speed?	

•Let’s see if we can figure this out based on dimensional 
reasoning	

•Power is work/time which is force * distance/time which is 
mass* acceleration *distance/time	

•Thus we could write	

!

!

•What variables could be used?

power = m l / t 2l / t = ml2

t 3



We can predict numbers of cars



EQUATION FOR POWER FROM 
WIND

•Windspeed, blade diameter, air density	

•v [=] l/t	

•d, r [=] l	

•Density of air    [=] m/l3  	

•Arrange these variables to get dimensions of power:	

!

!

•If the wind speed doubles, the power increases by a factor of 8!

ρ

power ~ ρv3d 2[=]ml
2

t 3
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Liquid fuels
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38     exxonmobil.com/energyoutlook

Unconventional fuel supplies play a 
greater role in meeting energy demand
The global liquid fuel mix will require diverse 
types of supply

Over the Outlook period, the growth in so-called 

“unconventional” supplies due to technology advancements 

is critical. ExxonMobil projects total liquids demand to rise to 

113 million barrels per day of oil equivalent (MBDOE) in 2040, 

a 30 percent increase from 2010. About 70 percent of this 

increase is tied to the transportation sector.

Conventional crude production from both OPEC and Non OPEC 

sources will see a slight decline over time. However, this 

decline is more than offset by rising production of crude oil 

from deepwater, oil sands and tight oil resources. 

The successes of deepwater and oil sands developments 

are examples of how new technologies are key to delivering 

additional sources of liquid supplies to meet rising demand. 

Ten years ago, these supplies were barely on the radar screen. 

The same is true for tight oil, which is growing as a result of 

recent advances in technology that have enabled the energy 

industry to unlock the oil found in “tight” rock formations. The 

advances are very similar to the ones that have enabled the 

growth in “unconventional” production of natural gas, which is 

also producing a rise in natural gas liquids (NGLs). 

While the composition of the world’s liquid fuels is changing, 

one fact does not: the world continues to hold significant oil 

resources. Even by 2040, ExxonMobil estimates that less 

than half of the world’s recoverable crude and condensate will 

have been produced. Even with production, the resource base 

continues to grow due to the ability of the industry to find and 

develop new types of resources through improved science and 

technical innovations. 
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Is cost the best way to think about 
energy?

Source: N. Lewis

solarcoal nuclear gas oil wind

2.1 ¢ 2.3 ¢
3.6 ¢ 3.9 ¢ 5.5 ¢

22 ¢

Production Cost of Electricity

(Cents per kWh)


