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What this course is about

• Explaining sustainable energy technologies using physics 
principles.
• Producing power from renewable energy sources

• Converting and storing energy from renewable energy sources

• Understanding the climate (i.e. why is sustainable energy important)

• There will be a very small amount of chemistry, economics, 
biology, and geology.

• This class will cover a broad variety of topics with quite varying 
physics.



Learning objectives

• Describe the possible sources of sustainable energy and analyze the amount of 
energy available in them

• Describe the climate models and identify the assumptions behind

• Explain the principles behind different energy harvesting methods

• Describe different methods for energy storage and conversion and explain the 
principles behind them

• Estimate and calculate the limitations of e.g. storage capacity and energy 
conversion efficiency based on physical principles

• Critically read, understand and analyze current literature to a level where you can 
evaluate its findings

• Take a  project related to sustainable energy and determine the relevant data for 
the analysis and present this to the class.

• Analyze the link between different energy harvesting and storage methods. The 
student should be able to determine in which situations different methods are 
working together and in which situations they are competitive



Text Books

Download for free
http://www.withouthotair.com/

Big Picture - Motivation Real Physics

Also I will have detailed notes on solar 
cells and electrochemistry

http://www.withouthotair.com/


Syllabus
Week Topic Lecturer

4-9 Introduction Brian Seger

11-9 Solar spectrum and basic climate effects Brian Seger

18-9 Solar Cells Brian Seger

25-9 Solar Cells Brian Seger

2-10 Wind Power Brian Seger

9-10 Electrochemistry & Batteries Gaston Larrazabal

16-10 Break Week

23-10 Fuel Cells Gaston Larrazabal

30-10 Electrolysis Gaston Larrazabal

6-11 Sustainable Chemicals Transformation Gaston Larrazabal

13-11 Photoelectrolyzers & Photosynthesis Brian Seger

20-11 Heat Engines Gaston Larrazabal

27-11 Nuclear Power Vaulkner Naulin & Bent 
Lauritzen

04-12 Course Review Brian & Gaston



• Everyone will be part of a group (2-3 people/group) that presents a 
subject based on sustainability. 

• The topics are listed in the syllabus
• Next week we will decide who chooses what topic.

• The week before the presentation, come to Brian to have a short 5 
minute discussion about the topic.  
• The day of the presentation, you should also have a 1 page 

summary with 1-2 figures and 2-5 references. 

• You will be directly assessed on your presentation, and parts of 
presentations may be on the final. The presentation will only be a 
small percentage of your grade.

Oral presentation



• Written Exam:  The written exam will consist of a standard 4 
hour exam.  Be aware of the exam date. It is on the last exam 
date before Christmas.
➢ Most questions will be multiple choice 
➢ The majority will be qualitative, however there will be ~1/3 

that will involve calculations.  All calculations will be 
straightforward and can be done using a hand held calculator 
(as long as it has an exponential and log function). This will 
be provided to you at the exam.

• Evaluation and you get your grade -3, 00, 02(passed), 4, 
7, 10, 12

Assessment



• The Pre-test serves 2 purposes:

1. To ensure that you have the proper pre-requisites to take this class.

2. To allow us to see why you are interested in the class and 
potentially tailor it accordingly.

• You will have 20 minutes to take the test.

• You won’t be graded on the test, but after taking it you 
should know whether or not:

a) this class is what you thought it was and
b) whether you are qualified for this class.

Pre-test





Slides

• White background – Normal slide

• Yellow background- Question/Excercise

• Green slide – Important / Review slide

• Grey slide- Not presented in main lecture.



Lecture - Learning objectives

At the end of this lecture you should understand:

• What fuels we currently use, how much of we use, how we use it, 
and how much is left.

• How population and economics are related to energy.

• How much CO2 we are contributing to the atmosphere.

• What are the major sustainable energy approaches and storage 
mediums.



Sustainable Energy

• The world is so integrated, we must look at 
sustainability on a global scale.

• There are many things that need to be sustainable

– Fresh water

– Ecosystems

– Population

– Climate

– Energy

• We can’t solve the problem unless 
we know what it is.

• How much energy do we use, what 
do we use, and why isn’t it 
sustainable. 



• These sources are excellent at collecting previous year’s energy 
information, but bad at predictions.

• The world bank also has energy data as well as the Energy 
Information Agency (US Data only).

• Shell is now also producing an Energy Transition Report.

Worldwide Energy Data
• If we want society to run completely on renewable energy 

sources we need to know the world energy makeup.

• There are 2 dominant and very similar reports that denote the 
world energy make-up.

❖ International Energy Agency- They have a free annual report called 
World Energy Outlook. They split it up into US and International.  
IEA also has a new web-interface for energy that is useful.

❖ BP’s Annual Energy Report - Also a free annual energy report.  Very 
surprisingly, this is not biased towards the oil industry.

http://www.worldbank.org/en/topic/energy/overview
http://www.eia.gov/petroleum/gasdiesel/
https://www.shell.com/energy-and-innovation/the-energy-future/shell-energy-transition-report/_jcr_content/par/toptasks.stream/1524757699226/f51e17dbe7de5b0eddac2ce19275dc946db0e407ae60451e74acc7c4c0acdbf1/web-shell-energy-transition-report.pdf
http://www.iea.org/
http://www.eia.gov/cfapps/ipdbproject/IEDIndex3.cfm
http://www.bp.com/en/global/corporate/about-bp/energy-economics/statistical-review-of-world-energy.html


Energy Consumption

• In 2018, we used 18.6 Terrawatts with only 0.75 TW being 
renewables (2.5 TW if biomass included).

• Figures can be deceiving. On the left it seems we have linear 
growth, while the right shows exponential growth.

• Oil, coal, and natural gas all are increasing at significant rates.

From BP Energy report 2018
From finiteworld.com
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Worldwide Energy Data
• While there are variations on energy data, in general the 

different sources provide basically the same results.

• The one are of differentiation is non-hydro renewables 
resources.  This includes biomass from 3rd world countries, which 
is difficult to estimate.



This chart says it all

Herman, Energy, 2006

http://doi.org/10.1016/j.energy.2005.09.006


Rank Company Country Industry Revenue (B$)

1 Wal-Mart Stores, Inc Retail $500

2
State Grid Corporation of China

Electric utility $349

3 Sinopec Oil and gas $327

4
China National Petroleum 
Corporation

Oil and gas $327

5 Royal Dutch Shell Oil and gas $312

6 Toyota Automotive $265

7 Volkswagon Automotive $260

8 BP Oil and gas $245

9 Exxon Mobil Oil and gas $244

10 Berkshire Hathaway Investments $242

Largest companies in the world (2019)
• 8 of the top 10 biggest companies in the world relate to energy.



Rank Company Country Industry Revenue

1 Wal-Mart Stores, Inc Retail $482

2 Sinopec Oil and gas $455

3
China National Petroleum 
Corporation

Oil and gas $428

4 Saudi Aramco Oil and gas $338

5 State Grid Corporation of China Electric utility $333

6 Samsung Group Conglomerate $305

7 Royal Dutch Shell Oil and gas $273

8 ExxonMobil Oil and gas $268

9 Vitol Commodities $270

10 Kuwait Petroleum Corporation Oil and Gas 252

Largest companies in the world (2016)
• There is significant change in the top 10.  This means serious 

money is gained/lost in the energy field.



What is Sustaianble Energy ?

• Sustainability in regards to:

– Replacing fossil fuels

– Sustainable climate

• How much energy are we using?

– In total

– Coal, Oil, Natural Gas, Others

• How much do we have:
– Remaining (non-renewables)

– Potential for (renewables)



Coal

• Coal has been used since the invention of the steam engine 
in 1700.

• Coal’s main use is for burning for electrical production.

Coal Reserves to Production ratio

• In theory we have 100 years worth 
of coal (assuming we don’t increase 
production.)



Historical Coal Prices



Oil

• Edwin Drake started mass production in 1859.

• Oil is probably the most flexible-useful of all the fossil fuels 
because it can be used in transport, electricity, and heating.

• Oil also provides the raw precursors for 
the chemicals industry.



Oil

Oil Reserves to Production ratioAbsolute oil reserves

• Interestingly oil’s reserve to production ratio has stayed 
constant for ~30 years.

• The boost in S. American oil was due to off-shore oil 
discovered in Brazil.

• Great book by Daniel Yerstin
entitled ‘The Prize’.





Oil

• Much of this has to do with 
inconsistent  supply (or fear 
of that).

• This is what makes 
predicting oil prices 
difficult.

• Nevertheless companies 
like Shell still try.

• While oil consumption is fairly consistent, oil prices are 
extremely erratic.

2019 BP Statistical Review of World

2018 Shell Transition 
Energy Report
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Oil- Further Interest
• Daniel Yerstin basically wrote the history/biography on oil called 

“ The Prize”.

• It explains oil in a very straightforward, truthful manner.

• It won a Pulitzer Prize award in 1992.

Same book, different covers



Natural Gas
• Natural gas was typically thought of a less-useful byproduct 

associated with oil drilling and oil wells.

Natural Gas Reserves to Production ratio

• Recently it has found to be quite 
useful especially for heating and 
to a lesser extent in electrical 
generation.

• Natural gas reserves to 
production have remained 
constant for the last 30 years. 



Oil and Gas Wells
• In a typical oil or gas well the amount extracted due to internal 

well pressure is only 5-15%.

• By pressuring the well you can get up to 35-45%.

• Nevertheless 55% of most oil is never extracted.

• An initiative by the Mærsk and the North Sea oil producers ise
investing 1 Billion kroner at DTU over 10 years (started in 2015) 
with the hopes of increasing extraction efficiency 1-2%.

• There are some new techniques that are being used to either 
increase production or find new oil
• Off-shore drilling

• Horizontal drilling

• Fracking



Fracking

• Fracking basically is a technique that puts high pressure in an old 
well and cracks the rock, and uses sand to keep the cracks open

• This has been done since the 1970’s albeit at low pressures

• When the pressure is released the sand keeps the cracks open 
allowing more oil to come out.

• In 2010 a movie came out called ‘Gasland’ showing fracking 
basically  led to gas seeping into people’s water supply.
• This movie was nominated for an Academy Award, and greatly hurt the 

fracking industry.

• The fracking industry came out with their own movie called ‘Truthland’ 
saying how ‘Gasland’ was completely wrong.

• Some other documentarists didn’t like ‘Gasland’ and also made a rebuttal 
movie called ‘Fracknation’.

• ‘Gasland 2’ came out saying ‘Truthland’ was completely wrong.



Fracking- lighting water on fire

Start video at 1:15 point

https://www.youtube.com/watch?v=4ApZkNsXfJE&t=75s

https://www.youtube.com/watch?v=4ApZkNsXfJE&t=7s


Fracking

• Scientists came to straighten things out.

• A group led by Robert Jackson published 
paper explaining the fundamental 
geophysics behind this.

Figure 2 and  Figure 3 
from  Osborn et al., 
2011, PNAS

• They showed that gas could not diffuse through 1000’s of 
meters of soil.

• They showed that this issue was simply due to bad well-drilling.• This is why you don’t let the movie industry try to do science.



Economic Advantage of Fracking ?



Nuclear

• There are 2 types of nuclear- fusion and fission with only fission 
giving useful power currently. 

• In theory this is non-renewable resource because we use an 
isotope of Uranium and this is limited.

World’s nuclear power
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• We have ~200 TW-years left of 
Uranium. 

• Nuclear waste is still an unresolved 
issue. 

• Breeder reactors have the 
possibility to extend Uranium 
lifetime, but are expensive.



The Dark Side of Nuclear

• Nuclear weapons are a constant threat, and advances in 
knowledge, communication, transport, etc. make this easier to 
acquire.

• Plutonium is a by product of nuclear fission and is 3 times as 
energetic as uranium.

• 2 tennis balls of plutonium is enough for an atomic bomb.

• Waste issues are currently unresolved.

Storage pond for used fuel at the Thermal 

Oxide Reprocessing Plant (Thorp) at the 

UK's Sellafield site (Sellafield Ltd).



Nuclear
• France is by far the largest country invested in nuclear with 75% of 

it’s electricity coming from nuclear.

• To meet 18 TW we would roughly have to build 440 new 
plants/year forever (assuming plant lifetime of 40 years).

• Currently there are only about 450 nuclear plants online.

• After the Fujishima accident IEA’s prediction for new nuclear plants 
dropped by 50%.

• We will have 1 
lecture on nuclear 
power.



Renewables- Present Day
• Hydropower is by far the largest producer of renewable energy.

• This is really simple, so we have been doing this for a long time.
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• This energy source is good 
at meeting fluctuations in 
demand.

• Most of the best places to 
build hydroelectric plants 
have already been built.

• It has been estimated that 
this approach can produce a 
maximum of 3-4 TW.



Country

Annual
hydroelectric
production
(GW)

% of total
electrical
capacity

China 126 22

Canada 43 61

Brazil 41 85

United States 28 5.7

Russia 19 18

Norway 16 98

India 14 16

Japan 9.8 69

Sweden 8.6 7.2

Venezuela 8.4 44

Renewables- Present Day
• Some countries can get almost all their electricity from 

hydropower.

• 3 Gorges dam in China 
is the largest in the 
world.
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Renewables- Present Day
• Corn and Sugarcane are the reasons the Americas have so much

Biomass





Where the energy is used 
and what for

Electricity

Transportation

Heating

USA

Energy by sector

(From IEA Data)

China

https://doi.org/10.1016/j.enpol.2016.09.016

EU (basically same as USA)

https://doi.org/10.1016/j.enpol.2016.09.016


Where the energy is used and what for



World Energy- Sankey Diagram

• All data is in million ton of oil equivalent (mtoe)



Hubert’s curve and the quick drop
• In 1956 M. King Hubert went to a conference and said US oil was about to 

peak in oil production.

• He was basically laughed at.  His basis was simply that production of a 
finite quantity will have a production rate that mimicks a bell curve.

(Based off M. Hubbert, 1956 & EIA data)
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http://www.hubbertpeak.com/hubbert/1956/1956.pdf


Hubert curve
• Currently a North Dakota (USA) field hit it’s peak.

• Technological developments though (Shale oil) has created a 
secondary ramp up.
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North Dakota Drilling statistics

https://www.dmr.nd.gov/oilgas/stats/statisticsvw.asp


We still have time to go on oil

We are here

From 2008 IEA World Energy 
Outlook report (pg. 218)

2018 Shell Energy Transition 
Report

http://www.worldenergyoutlook.org/media/weowebsite/2008-1994/weo2008.pdf
https://www.shell.com/energy-and-innovation/the-energy-future/shell-energy-transition-report/_jcr_content/par/toptasks.stream/1524757699226/f51e17dbe7de5b0eddac2ce19275dc946db0e407ae60451e74acc7c4c0acdbf1/web-shell-energy-transition-report.pdf


Break



World energy

• Our energy is increasing very fast.

• Why don’t we just stop using so much energy.

• Energy production is highly related to economic productivity.
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Based off of IEA data



Energy vs. Economic growth

• There  is a clear pattern in that countries with high gross 
domestic product use a lot of energy.

Data from World Bank, figure compiled by David Bice



Energy vs. Economic growth

• The rich don’t really use renewables though.

Denmark



Economic Growth

• A glimmer of hope is that our economic growth is becoming 
less dependent on energy.

• Basically we are creating more services and less things.

• We have increased our GDP/Energy 43% in the last 25 
years.

• Our GDP over that 
time increased 232%.

• The non-energy 
based increase in 
GDP was 1.3%/year, 
whereas the overall 
GDP was 3.4%/year.

Data from World Bank
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https://data.worldbank.org/indicator/EG.GDP.PUSE.KO.PP.KD?end=2015&locations=DK&start=1990&view=chart


Population issues

• Most highly populated countries are still economically 
underdeveloped.

• As China and India grow so will their energy consumption.
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Population
• The population has absolutely exploded in the last 100 years.

• Unfortunately the earth has stayed the same size.

• One sliver of hope is that the growth rate as a percentage is slowing 
down.

• With an increased population, and higher energy/person, it is estimated 
that in 2050 we will need 30 TW.

Population data found here
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http://www.worldometers.info/world-population/?


• The future population is not where the current population is located.

• Building more hydroelectric dams in Norway is not going to help the 
people of Kenya.

Population



• Al Gore:
– Has been elected vice-President twice

– Claimed to have created the internet

– Is currently on the Apple’s Board of Directors

– Won a Nobel Prize for his promotion of climate 
change

• While not perfectly accurate, his documentary 
on global warming, “Inconvenient Truth” has 
stood up in court as fundamentally accurate.

• IPCC:

– Started in 1988

– UN backed organization

– Hoesung Lee is current
chairman

– About 500 people are
part of this.



CO2 Concentrations

• It is pretty clear that burning hydrocarbons (i.e. fossil fuels) will 
put CO2 into the atmosphere.

𝐶𝑥𝐻𝑦𝑂𝑧 + 𝑂2 → 𝐶𝑂2 + 𝐻2𝑂

Generic hydrocarbon

• A lab in Hawaii ended up 
being the standard reading of 
the worldwide average CO2 in 
the air.

• The inconsistencies are due to 
seasonal fluctuations.



CO2 Concentrations

• Since we know how much energy we use (18.6 TW) and we know about 
80% of it is from hydrocarbon combustion, we should be able to 
calculate how much CO2 we are putting into the atmosphere/ year.

• Do this calculation by noting that fossil fuels typically produce 190 g 
CO2/ kWh, the earth’s radius is 6,400 km, CO2’s density is 1.98 kg/m3,  
and the earth’s atmosphere can be approximated to be 7.5km thick (@ 
average of 1 bar).

• The average CO2 increase over 
the last decade is 2.1 
ppm/year.

• Could this be due to fossil fuel 
combustion? 



Gigatons carbon

Long term effects
• Once CO2 gets into the atmosphere it takes a long time to get 

removed.

• When you do a world mass balance you will realize that most of 
the world’s CO2 in dissolved in water.

• Most of the water is too deep to act as a 
short time-frame (less than 1000 years) 
CO2 sink. 



Historical CO2

• Atmospheric science is very complex and historical data is great 
for how CO2 affects the environment.

• It is known that 2 different isotopes of  water evaporate at 
different rates.

• The ratio between isotopes is a 
function of temperature.

• Comparing the water isotope ratio 
in ice cores allows to determine 
temperature for a given year´.

• Air bubbles then allow for 
researchers to determine the 
amount of CO2 in the atmosphere.

Ice Core



Historical CO2
• By using ice-core data we can determine CO2 concentrations well 

into the past.

• Since 1000 AD the CO2 concentration has been relatively stable 
until about 1769.

• What event happened in 1769?

Figure from SE book



CO2 relationship to temperature
• CO2 is highly correlated to  worldwide temperature.

• Currently we are at a CO2 concentration (410 ppm) that has never 
been seen before. 

• The fundamentals of why CO2 scales with temperature will be 
discussed in a future lecture.

Vostok Ice Core



Greenhouse gas emissions

• Breakdown of greenhouse gas by location

A lot of people, very little CO2.Very little people, 
a lot of CO2.



Denmark = 8.4 tons/person



Climate Change Debate

• Science vs Media



Complete Sustainability

• There are actually many 
areas, which need to be 
sustained.

• Of the UN Sustainbility goals, 
this course focuses primarily 
on #7, but also #12 and #13

UN Sustainability Goals



Summarizing current situation

• We appear to have significant amounts of fossil fuels for the next 
couple of decades.

• While the Hubbert curve appears intimidating, it will be a while 
before we reach it.

• Energy use = Wealth.

• China and India want to be wealthy, 
thus energy use will drastically 
increase.

• The greenhouse gas issue is an 
absolute disaster.



Bjørn Lomborg

• Bjørn Lomborg is a prominent Danish economist who wrote a book 
called ‘Skeptical Environmentalist’ where he stated that while real, 
global warming is not important.

• There were some inaccuracies in this book and the Danish 
government looked into it.

• They found his book scientifically 
inaccurate, but he was not at fault since 
he was not an expert.

• Bjorn is an economist trying to do 
environmental science, which leads to 
some interesting results.



Break



What are the potential renewable energy sources ?

• For a sustainable future we need an energy source that give 

us  ~18 TW of power (28 TW by 2050).

• Below are our choices:
– Solar Power: 23,000 TW

– Wind Power: 25-70 TW

– Hydro Power:   3-4 TW

– Geothermal: 0.3-2 TW  

– Biomass: 2-6 TW

• There are a bunch of other renewable energy sources, but 
nothing to support society. 



Energy Sources

• This is energy sources graphically.

There are
ssumptions behind
this. It can
reasonably range 
from 14,000 to 
177,000.



Solar Irradiation

• In theory it would be possible to gain about 100,000 TW of energy

• That would not allow for any photosynthesis and kill the 

ecosystem.

1 PW = 1,000 TW



Inequalities in solar irradiation

• Some places get almost triple the light as other 

places.

• Denmark is very low on the irradiation spectra.

1000 kWh/m2 = 

114 W/m2  (average 

sunshine)

Chart from SE book



Uses of Solar Irradiation- 23,000 TW

• There are 3 main uses of solar irradiation.

• Solar Heating- using mirrors or simply a green house effect to 

heat water. This is a cheap technique, but useful in some 

places. Efficiency limited by Carnot efficiency limits.

• Photosynthesis- nature converting CO2 into complex carbon 

chains. This is a relatively cheap way to use solar irradiation. 

The efficiency is around 0.1-1%.

• Solar cells- using sunlight to provide electricity. These are 

getting cheap and get ~15-20% efficiency.

• We will spend 1 lecture on solar irradiation and 3 lectures on 

solar uses



Country
Photovoltaic 
Energy (TWh)

China
45.2

USA 39.0

Germany 38.7

Japan 35.9

Italy 22.6

Spain 13.4

UK
7.4

Denmark 0.6

Sweden 0.1

World 10.63

Country
Solar Heating 
(GW)

China
24.91

Turkey 1.61

USA 1.25

Germany
0.81

Brazil
0.73

India 0.60

Australia
0.57

Denmark
0.038

Sweden 0.018

World 30.86

Country
Biofuels
(TWh)

US 77.7

China 63.7

Germany 57.4

Brazil 48.8

IJapan 41.5

UK 33.0

India 26.5

Italy
21.8

Denmark 5.0

Sweden 12.0

World 81.94

Solar Production- 210 Ewh/year
• 1 Exawatt (EW) = 1 million Terrawatts (also note: 8760 hours/year)



Worldwide Wind Potential



Wind Power: Is this right?

LinkedIn Advertisement, 31/8/2016

Ørsted’s newest wind plant

Power = 700 MW 
(maximum power)

Area = 128 km2

(Borssele in Netherlands)

The earth’s radius is 6,400 km

http://www.dongenergy.com/en/media/newsroom/news/articles/dong-energy-wins-tender-for-dutch-offshore-wind-farms


Wind: 25-70 TW (219-615 PWh)

• In very windy areas, wind power is cheaper than traditional 

fossil fuel based power for electricity.

Country
Windpower 
Production 
(TWh)

% of 
World 
Total

United States 191 22.9

China 186 22.3

Spain 79 9.5

Germany 48 5.8

India 43 5.1

United Kingdom 40 4.

Canada 26 3.1

Denmark 14 1.7

World Total 834 100%

• We will have 1 lecture on this topic.



Geothermal, Wave and Tide

• Geothermal energy is basically pulling energy from the earth’s 

core.

• Unfortunately this is most effective near tectonic plates, where 

there are high frequencies of volcanoes.

• Wave power can provide a marginal amount of power.

• Waves are derived from wind, thus the amount of power derived from 

wave should always be less than that of wind

• Tide power also provides a marginal amount of power.

• This power is derived from the gravitational pull between the Earth and 

the Moon.

• We will have presentations on these topics



Renewable energy sources, small impact 
• Burning, rather than burying landfill material can provide a little 

boost.

• Denmark is one of the world leaders in burning their junk.

• Interestingly, Denmark produces 

slightly more junk than the USA.

• However this process produces  CO2.

• Furthermore the energy gained by 

burning only corresponds to 4% of the 

total Danish energy needs.

• If Danes are environmentally friendly 

and produce less junk, this number will 

drop.



Economic Competitiveness
• Are renewable energy sources economically competitive?



Economic Competitiveness
• How about other renewable sources?

These aren’t competitive, 
thus rarely do they get
reported.  That is why this
report is from 2013.  This 
was las time a thorough
analysis was done on 
these. 



Electricity Costs
• Divide the number below by ~10 to get Euro/kWh.

• For reference, electricity prices are .09 Euro/kWh in USA and in 

0.07 Euro/kWh in China

Leaders in wind
energy /capita

Leaders in solar 
energy / capita

From Eurostat

http://ec.europa.eu/eurostat/news/themes-in-the-spotlight/energy-prices-2017


Scale Up

Solar Energy

(0.03 TW)

Wind Energy

(0.1 TW)

Hydropower Energy

(1.05 TW)

Now

30 TW

30 years from now

• To reach this we would need either:

1) 48,000 km2 of PV deployed every year (Denmark is 43,000 km2)
- assuming they last 20 years 

2) 500,000 of 6 MW wind turbines/year
- assuming they last 40 years
- currently there are 35,000 6 MW (equivalent) units worldwide



• If we produce 30 TW of renewable fuel and we need 30TW of 
fuel, have we solved the energy crisis.

Solving the Energy Crisis



Oil

Current Situation

Sun

Future Situation



Solar

Wind

Hydro

Other

We need the inputs to match the outputs

What to do here



Copenhagen latitude – 55.7⁰

Energy Fluctuations
• Unlike fossil fuels that are just sitting there, most renewables 

have large fluctuations.

• Solar- Fluctuates on a seasonal basis with cloud coverage 

effecting on a daily or even minute time scale.

• Wind- Fluctuates on a daily basis with minor fluctuations on  a 

second time scale.

• Hydropower- Little 

fluctuations, some seasonal 

issues.

• Geothermal, tide – Little 

fluctuations.



Denmark electricity generation/consumption
(data from Energinet.dk)
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Economic Issues
• In Denmark we have the problem where sometimes we produce 

more electricity than we use.

• (Electricity is ~ 1/6th of total Danish energy consumption)

• Fluctuations in supply don’t 

match fluctuations in 

demand.

• Over the last 8 years, ~50% 

of its wind power was not 

used within Denmark.

• Economically this is bad.

• Currently we sell our excess 

electricity to other countries.



Storing Energy
• Rather than make a large excess number of solar cells/wind 

turbines, its economically smarter to store the energy.

• There are 2 major approaches to storage:

• Batteries- well developed technique, great for short times and small 

amounts.

• Molecular Fuels- follows nature, underveloped, great for long times and 

large amounts.

• There are also a relatively large amount of minor approaches:

• Pumped storage

• Flywheels

• Supercapacitor

• Compressed air



Pumped Storage
• Pumped storage is basically an inverted hydro-electric plant.

• Pump the water up a hill to store the energy, gain the energy when 

it comes back down.

• You need mountains to have pumped storage.

• Norway has large pumped storage and is acting as a storage depot 

for Denmark and Germany’s excess wind power.

• Typically the roundtrip efficiency is 

70-80%, which is quite good.

• Current worldwide maximum output 

is 0.132 TW, but most sites empty in 

less than 24 hours.
Why pumped hydro storage is unscalable: 
http://physics.ucsd.edu/do-the-
math/2011/11/pump-up-the-storage/

http://physics.ucsd.edu/do-the-math/2011/11/pump-up-the-storage/


Using Batteries

• Batteries store energy via a chemical redox reaction.

• Roundtrip efficiencies of 80-90%.

• Typically made of Li or Ni and Cd.

• Current battery production is about 170 

GWh per year. 

• Upscaling batteries is Tesla’s approach.

• We will have 1 lecture on this topic.

https://www.bloomberg.com/news/features/2018-02-01/the-breakneck-rise-of-china-s-colossus-of-electric-car-batteries


The advantage of electricity
• Coal, oil, and natural gas derive useful power based off of the heat 

engine.

• This is limited by Carnot efficiency:

𝜂 =
𝑇ℎ − 𝑇𝑐
𝑇ℎ

• Typical fossil fuel power plants are limited to efficiencies of ~30-
35%.

• The worldwide 18 TW energy # is a raw energy number. 

• Electrical power is not limited by the Carnot Efficiency.

• However there are still entropy effects that can limit the 
efficiency.



Correlation Between Human Development and Per Capita 
Electricity Consumption  
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The Human Development Index is a 

comparative measure of life expectancy, 

literacy, education, and standards of living. 

Countries fall into four broad categories 

based on their HDI:  very high, high, 

medium, and low human development. 

4,000 kWh per person per year is the 

dividing line between developed and 

developing countries.



Molecular Fuels
• Molecular fuels allows for storage on the year-decade scale.

• There is already an infrastructure for fossil fuels.

• These can be made via biomass conversion or electro-chemical 

reactions.

• Electrochemical reactions simply take electricity and precursors 

(like H2O and CO2) and create fuels.

• Electrochemically, the simpler 

the molecule the easier it is to 

make.

• H2 production and CO2 to 

hydrocarbons are the 2 biggest 

areas of focus.



H2 Economy
• One grand-scheme approach is to run society on H2 as a fuel.

• Basically electrolyzers convert unused wind or solar to hydrogen 

and then fuel cells convert them back to electricity when needed.

𝐻2𝑂 ↔ 𝐻2 +
1

2
𝑂2

Electrolysis

Fuel cell (or combustion)

• Electrolyzer efficiencies are 70-75% efficient and fuel cells are 60-

70% efficient. Round trip efficiency of 47%.

• Bad catalysis is preventing higher efficiencies for fuel cells and 

electrolyzers.

• We will have 1 lecture on this topic.



How does Storage Compare
• The cost is a function of how much often you store and release 

energy.

• Grid scale storage will always be cheaper than mobile storage (i.e. 

cars) since you don’t need the flexibility

• Pumped air and pumped

hydro are the most 

effective, but you need

caves or mountains to do 

this.



Materials

• Basically we are looking to produce 17-30 TW of energy from 

nothing.

• Do we produce enough raw materials to make solar cells, wind 

turbines, batteries, etc?

• It depends- we can’t make our solar cells out of Au and Pt, but Fe 

and Si is not a problem.

• If a rare material is cheap now, will 

it still be cheap if we need 30 TW 

of it?

• What are the ‘sustainability’ limits 

from a materials stand point?



Energy conservation

• Can we conserve our way out of the energy dilemma?

• Not completely- We need drastic drops to resolve the CO2

dilemma.

• Drastic drops equals drop in economic activity.

• There are areas where we can make significant savings though.

• Improved lighting efficiency

• Improved heating efficiency

• Improved insulation

• Switch from heat engines to electrical devices.



Summary

• We use 18 TW of energy, mostly of fossils fuels.

• Population is increasing and the energy/capita is also increasing.

• Energy = wealth.

• The issue with CO2 and climate change appears to be an absolute 

disaster.

• There is potentially enough renewable energy to meet our 

demands with solar irradiation having the largest potential.

• The world produces very little renewable energy now.

• Storing and intermittency issues are almost as big an issue as 

harvesting renewable energy.



Lecture - Learning objectives

At the end of this lecture you should understand:

• What fuels we currently use, how much of we use, how we use it, 
and how much is left.

• How population and economics are related to energy.

• How much CO2 we are contributing to the atmosphere.

• What are the major sustainable energy approaches and storage 
mediums.



Exercises:

• Assuming we have a 10 year supply of batteries (170 GW-h/year), how 

long could batteries support the world’s  energy needs (18 TW)?

• Approximately how much of the world’s energy consumption is based off 
the heat engine/Carnot Efficiency?  Do a rough estimation based off the 
energy data presented here (very little math needed, but just reasonable 
estimates).

• Energy Vault wants to store energy by 

picking up concrete and using gravity 

as a means to store energy. If each 

block is 1m high and weights 20 tons, 

how high do we need to stack the 

blocks to have same energy as in 1L of 

gasoline (34.2 MJ/L). Assume Energy 

Vault is 100% efficient.



How much energy does the Earth use on average?

a) 800 GW

b) 2 TW

c) 10 TW

d) 18 TW

e) 30 TW

Concept Check



What renewable energy production method has provided 

the world with the most energy?

a) Geothermal

b) Hydroelectric 

c) Photovoltaic

d) Wind Energy

Concept Check



The world’s coal reserves will last

a) 10 years

b) 30 years

c) 50 years

d) more than 100 years

Concept Check



The average CO2 increase per year over the last decade is:

a) 10 ppb / year

b) 2 ppm / year

c) 0.1 % / year

d) 1 % / year

Concept Check



The largest energy source for electricity (in 2012) is:

a) Biomass

b) Coal

c) Nuclear

d) Natural Gas

e)Renewables

Concept Check


