
Lectures	and	Homework	
	

4/13/2016	Lecture	8:	
HW:		
Homework	1,	Due	today	
Homework	2,	Due	4/20/16.	
	
Personal	energy	audit	due	5/9/16	in	class	
	
Midterm	Exam:	5/9/16	in	class			
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Midterm Exam  
 

Material from first 8 lectures, quizzes, readings  
plus Homework #1,2  and energy audit. 

 



MIDTERM EXAM 
 

First and second laws of thermodynamics 
Kinetic and potential energy 

Heat and temperature 
Energy and power 

Simple energy/power calculations 
Energy efficiencies 

Be able to describe how solar devices work 
Environmental aspects of renewable energy 

sources 
Biomass as a fuel 

Wind energy 
 

 
 



EE80J/180J  Group Projects 
 
1. Forming teams of 3-4 people.  By mid-May 

2. Teams will work on alternate solutions to 
particular problems. 

3. You may put in ideas, but we will ultimately 
choose 1 - 3 projects.  

4. Ideas due by April 25. 



Solar Power input and energy demands 
For an average residence 

They generally do not match. 
What do we do?  



Solar Power input and energy demands 
For an average residence 

They generally do not match. 
What do we do if we generate  too much electricity?  
We either store it or sell it? 



What are they? 



Homework to read article 





 
Science 1 November 2002: 981-987. [DOI:10.1126/science.1072357]  



Energy	Usage	in	a	typical	household	

Electricity Usage ~15 kWh/day (54 MJ/day)  power ~ 625W 
Storage: 

• Water: 78.6 m3) at 100 meter (70% conversion efficiency) 

• Flywheel: 2138kg, 4m radius, 600rpm (80% conversion efficiency) 

• Compressed Air: 3600 liter (0.03 MJ/liter, 50% conversion efficiency) 

Hot Water Usage ~25-35MJ 
150-200 liter water heated from 15C up to 55C 

• Burn 4-5kg of wood in 50% efficient wood stove. 



Energy	Storage	OpNons	

Renewable Energy Centre, 
University of Queensland, Australia 



Battery Comparison 

yes 



Lead	Acid	BaFery	

www.daviddarling.info  



BaFery	Discharging	

Pb PbO2 
H2SO4 

Pb+PbO2+2H2SO4 → 2 PbSO4 + 2 H2O 



BaFery	Charging	
Pb+PbO2+2H2SO4 ← 2 PbSO4 + 2 H2O 



Discharge	CharacterisNcs	
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Combustion 
Engine 

Energy Storage Options 

High P/E is for jolt of 
power for a short time 



Discharge	CharacterisNcs	



Renewable Energy Centre, University of 
Queensland, Australia 



Batteries: series or parallel 

Renewable Energy Centre, University of 
Queensland, Australia 
 

Which is more prone to failure? 



What might be disadvantages of hydrogen? 
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Sci. Tech. Review. 1996 



FLYWHEEL: mechanical to electrical transform 



Sci. Tech. Review. 1996 
 













Wikipedia. 



http://www.botlanta.org/converters/dale-calc/flywheel.html 

Flywheel Energy Output Calculator 



http://www.botlanta.org/converters/dale-calc/flywheel.html 
 



June 24, 2004 
DOE Nano Summit 
Washington, D.C. 

 
Presented by:  

Mildred Dresselhaus 
Massachusetts Institute of Technology 

millie@mgm.mit.edu 
617-253-6864 

  

 
 

Basic Research Needs  
for the Hydrogen Economy 

 
 



Energy Source

% of U.S. 
Electricity 

Supply

% of Total 
U.S. Energy 

Supply
Oil 3 39
Natural Gas 15 23
Coal 51 22
Nuclear 20 8
Hydroelectric 8 4
Biomass 1 3
Other Renewables 1 1

Drivers for the Hydrogen Economy: 
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•   Reduce Reliance on Fossil 
 Fuels   

•  Reduce Accumulation of 
 Greenhouse Gases 

 

M. S. Dresselhaus, MIT 



U.S.	Department	of	Energy	
Hydrogen	Program	

FUTURE TODAY 
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Keith Wipke 
National Renewable Energy Laboratory 



The	Hydrogen	Economy	

solar!
wind!
hydro!

fossil fuel!
reforming!

nuclear/solar !
thermochemical!

cycles!
H2!

gas or!
hydride!
storage!

automotive!
fuel cells!

stationary!
electricity/heat!

generation!

consumer!
electronics!

H2O!

production! storage!
!

use !
in fuel cells!

Bio- and !
bioinspired!

9M tons/yr 

150 M tons/yr 
(light cars and trucks in 2040) 9.70 MJ/L 

(2015 FreedomCAR Target) 

4.4 MJ/L (Gas, 10,000 psi) 
 8.4 MJ/L (Liquid H2) 

$3000/kW 

$30/kW 
(Internal Combustion Engine) 

H2!

M. S. Dresselhaus, MIT 



Fundamental Issues 

  The hydrogen economy is a compelling vision: 

 - It potentially provides an abundant, clean, secure and flexible  energy 
carrier 

 - Its elements have been demonstrated in the laboratory or in 
 prototypes 

   However . . .  
 - It does not operate as an integrated network 

 - It is not yet competitive with the fossil fuel economy in cost, 
 performance, or reliability 

 - The most optimistic estimates put the hydrogen economy  
    decades away  

    Thus . . .  
            - An aggressive basic research program is needed,    
             especially in gaining a fundamental understanding of the 
             interaction between hydrogen and materials at the nanoscale 
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Fuel	Cell	Vehicle	Learning	DemonstraNon		
Project	Underway;	3	Years	into	5	Year	Demo	

•  ObjecNves	
–  Validate	H2	FC	Vehicles	and	Infrastructure	in	Parallel	

–  IdenNfy	Current	Status	and	EvoluNon	of	the	Technology	

Photo: NREL Hydrogen refueling station, Chino, CA 

Keith Wipke 
National Renewable Energy Laboratory 



Vehicle	Status:	All	of	First	GeneraNon	Vehicles	Deployed,	2nd	
GeneraNon	IniNal	IntroducNon	in	Fall	2007	

On-Board  Hydrogen Storage Methods
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Keith Wipke 
National Renewable Energy Laboratory 



Refueling Stations from All Four Teams Test Vehicle/
Infrastructure Performance in Various Climates 

Northern 
California 

Florida 

Sep-13-2007 

SE Michigan Mid-Atlantic 

Southern California 

Keith Wipke 
National Renewable Energy Laboratory 



Source: Steve Chalk, EERE 



Hydrogen Production Panel 

Current status:  
•   Steam-reforming of oil and natural gas produces 9M tons H2/yr 
•   We will need 150M tons/yr for transportation 
•   Requires CO2 sequestration. 
Alternative sources and technologies:  
 

Coal:   
•  Cheap, lower H2 yield/C, more contaminants 
•  Research and Development needed for process development,                  
  gas separations, catalysis, impurity removal. 

Solar:  
•  Widely distributed carbon-neutral; low energy density. 
•  Photovoltaic/electrolysis current standard – 15% efficient 
•  Requires 0.3% of land area to serve transportation. 
  

Nuclear: Abundant; carbon-neutral; long development cycle. 
 

Panel Chairs:  Tom Mallouk (Penn State), Laurie Mets (U of Chicago) 

M. S. Dresselhaus, MIT 



Fossil Fuel Reforming Intermediate Term 
 Molecular level understanding of catalytic mechanisms, 
nanoscale catalyst design, high temperature gas separation 

 
Solar Photoelectrochemistry/Photocatalysis 

 Light harvesting, charge transport, chemical assemblies, 
bandgap engineering, interfacial chemistry, catalysis and 
photocatalysis, organic semiconductors, theory and 
modeling, and stability  
  

Bio- and Bio-inspired H2 Production 
 Microbes & component redox enzymes, nanostructured 2D 
& 3D hydrogen/oxygen catalysis, sensing, and energy 
transduction, engineer robust biological and biomimetic H2 
production systems 

 
Nuclear and Solar Thermal Hydrogen 

 Thermodynamic data and modeling for thermochemical 
cycle (TC), high temperature materials: membranes, TC 
heat exchanger materials, gas separation, improved catalysts 

Priority	Research	Areas	in	Hydrogen	
Produc7on	

Dye-Sensitized Solar Cells 

Ni surface-alloyed with Au to reduce carbon 
poisoning 

Synthetic Catalysts 
for H2 Production 

Thermochemical Water Splitting 



Current Technology for automotive applications  
•  Tanks for gaseous or liquid hydrogen storage.  
•  Progress demonstrated in solid  state storage materials. 
System Requirements 
•  Compact, light-weight, affordable storage.   
•  System requirements set for FreedomCAR: 4.5 wt% hydrogen for 2005,  
 9 wt% hydrogen for 2015.  
•  No current storage system or material meets all targets.  

Hydrogen Storage  Panel 
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M. S. Dresselhaus, MIT 
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Ideal	Solid	State	Storage	Material	

•  High	gravimetric	and	volumetric	density	(9	wt	%)	

•  Fast	kineNcs	
•  Favorable	thermodynamics	

•  Reversible	and	recyclable	
•  Safe,	material	integrity	

•  Cost	effecNve	
•  Minimal	labce	expansion	

•  Absence	of	embriFlement	

M. S. Dresselhaus, MIT 



High Gravimetric H Density Candidates 
Hydrogen Densities of Materials
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M. S. Dresselhaus, MIT 



Metal Hydrides and Complex Hydrides 
•  Metal hydrides such as alanates allow high hydrogen volume  density, but 

temperature of hydrogen release also tends to be high. 
•  Nanostructured materials may improve absorption volume. 
•  Incorporated catalysts and nanostructures may improve release. 
  

Using	Neutrons	to	“See”	Hydrogen	

 

NaAlH4 X-ray view NaAlD4 neutron viewNaAlH4 X-ray view NaAlD4 neutron view

 

H D C O Al Si Fe

X ray cross section

Neutron cross section

H D C O Al Si Fe

X ray cross section

Neutron cross section
The large neutron cross sections of hydrogen and 
deuterium make neutrons an ideal probe for in situ 
studies of hydrogen-based chemical reactions, 
surface interactions, catalytic reactions and of 
hydrogen in penetrating through membranes. 

Priority Research Areas in Hydrogen Storage 

M. S. Dresselhaus, MIT 



 
  

 
  

Priority	Research	Areas	in	Hydrogen	Storage	

NaBH4 + 2 H2O      →       4 H2 + NaBO2 
 

Using NaBH4 for Automotive Hydrogen Storage 

●Hydrogen weight %  in NaBH4 is 10.7% 
●As a fuel (30% NaBH4, 3 wt% NaOH, 67% H2O) has a hydrogen content of 6.6 wt%. 
●However, NaBH4 as a fuel requires regeneration  at a processing plant. 
●This is one approach under consideration for a hydrogen fuel cell vehicle. 

M. S. Dresselhaus, MIT 



A computational representation of hydrogen 
adsorption in an optimized array of (10,10) 
nanotubes at 298 K and 200 Bar.  The red 
spheres represent hydrogen molecules and 
the blue spheres represent carbon atoms in 
the nanotubes, showing 3 kinds of binding 
sites. (K. Johnson et al)	
   	

Carbon Nanotubes for Hydrogen Storage 

•  The very small size and very high surface 
area of carbon nanotubes make them 
interesting for hydrogen storage.  
•  Challenge is to increase the H:C 
stoichiometry and to strengthen the  
H—C bonding at 300 K. 

M. S. Dresselhaus, MIT 



Metal Hydrides and Complex Hydrides 
 Degradation, thermophysical properties, effects 
of surfaces, processing, dopants, and catalysts in 
improving kinetics, nanostructured composites 
  

Nanoscale/Novel Materials 
 Finite size, shape, and curvature effects on 
electronic states, thermodynamics, and bonding, 
heterogeneous compositions and structures, 
catalyzed dissociation and interior storage phase 

  

Theory and Modeling 
 Model systems for benchmarking against 
calculations at all length scales, integrating 
disparate time & length scales, first principles 
methods applicable to condensed phases 

Priority	Research	Areas	in	Hydrogen	Storage	

 

NaAlH4 X-ray view NaAlD4 neutron viewNaAlH4 X-ray view NaAlD4 neutron view

 

H D C O Al Si Fe

X ray cross section

Neutron cross section

H D C O Al Si Fe

X ray cross section

Neutron cross section

NaBH4 + 2 H2O      →       4 H2 + NaBO2 
 

Cup-Stacked Carbon 
Nanofiber 

H Adsorption in 
Nanotube Array 

Neutron Imaging of 
Hydrogen 

M. S. Dresselhaus, MIT 



Fuel Cells 

H2 + 0.5O2 → H2O + electrical energy + heat 

Eg. mixture of KOH and H2O) 
at lower pressure than ends 

Porous H2 
electrode 

Porous O2 
electrode 



Fuel Cells and Novel Fuel Cell Materials Panel 

 
 
Current status:  
     Limits to performance are materials, which 

have not changed much in 15 years. 

Panel Chairs:  Frank DiSalvo (Cornell), Tom Zawodzinski (Case Western Reserve) 
 

Challenges: 
  Membranes 
   Operation in lower humidity, more strength, 
   durability and higher ionic conductivity.  

  Cathodes  
    Materials with lower overpotential and resistance to impurities. 
    Low temperature operation needs cheaper (non- Pt) materials. 
    Tolerance to impurities: S, hydrocarbons, Cl.  

  Anodes 
      Tolerance to impurities: CO, S, Cl. 
    Cheaper (non or low Pt) catalysts. 
Reformers 
     Need low temperature and inexpensive reformer catalysts. 
 

 

What are Fuel Cells?
2H2+ O2

→ 2H2O + electricalpower + heat

www.hpower.com

membrane conducts protons from anode to cathode
ProtonExchangeMembrane (PEM)Membrane conducts protons from anode to

cathodeproton exchange membrane
(PEM)
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2H2 + O2 → 2H2O + electrical power + heat 

M. S. Dresselhaus, MIT 



Types of Fuel Cells 

Solid Oxide FC 
(SOFC) 100 kW 
Siemens- 
   Westinghouse 
 

Proton Exchange  
Membrane (PEM)  
50 kW, Ballard  

Molten Carbonate FC 
(MCFC) 250 kW 
FuelCell Energy, 

Alkaline Fuel Cell 
(AFC), Space Shuttle 
12 kW 
United Technologies 
 

Low-Temp 
 
High Temp 

Phosphoric Acid FC 
(PAFC), 250 kW 
United Technologies 



Electrode/Membrane Design 
Very challenging. Electrodes need to support three 
percolation networks: electronic, ionic, fuel/oxidizer/
product access/egress. 

   2 –5 nm 

20 -50 
µm 



Electrocatalysts and Membranes 
 Oxygen reduction cathodes, minimize 
rare metal usage in cathodes and 
anodes, synthesis and processing of 
designed triple percolation electrodes 

 

Low Temperature Fuel Cells  
 ‘Higher’ temperature proton 
conducting membranes, degradation 
mechanisms, functionalizing materials 
with tailored nano-structures 

 

Solid Oxide Fuel Cells 
 Theory, modeling and simulation, 
validated by experiment, for 
electrochemical materials and 
processes, new materials-all 
components, novel synthesis routes for 
optimized architectures, advanced in-
situ analytical tools 

Priority	Research	Areas	in	Fuel	Cells	

Source: H. Gasteiger (General Motors) 

Mass of Pt Used in the Fuel Cell  
⎯ a Critical Cost Issue 

1.4

1.2

1

0.8

0.6

0.4

0.2

0

g P
t/k

W

Ecell (V)
0.55 0.60 0.65 0.70 0.75 0.80

2-5 nm 
20-50  - µm 

Controlled design of triple 
percolation nanoscale 
networks: ions, electrons, 
and porosity for gases  

YSZ Electrolyte for SOFCs 

Porosity can be tailored 

Internal view of a 
PEM fuel cell 
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Source: T. Zawodzinski (CWRU) 

Source: R. Gorte (U. Penn) 

M. S. Dresselhaus, MIT 



High Priority Research Directions for 
Hydrogen Economy  

• Low-cost and efficient renewable (solar) energy 
production of hydrogen 

• Nanoscale catalyst design 
• Biological, biomimetic, and bio-inspired materials and 

processes  
• Complex hydride materials for hydrogen storage 
• Nanostructured / novel hydrogen storage materials 
• Low-cost, highly active, durable cathodes for low-

temperature fuel cells 
• Membranes and separations processes for hydrogen 

production and fuel cells 

M. S. Dresselhaus, MIT 



Cross-cutting Issue - Materials 

the challenge: to understand and control !
the interaction of hydrogen with materials!

H2 

sunlight +  H2O → H2 + O2 
transparent semiconductor layers 

nanoscale catalysts 
nanostructured interfaces 

H2 → NaAlH4  
new H storage materials 

catalytic reactions 
nanoscale texture  

molecular filtration 

membranes separate  
H2 , O2 , CO, H2O, CO2 

nanoscale size selection 
H2 + O2 → H2O 
fuel cell catalysts 
ionic membranes 

nanoscale architecture 
 

catalysts, nano-materials, membranes needed throughout!

M. S. Dresselhaus, MIT 



hFp://www.driveclean.ca.gov/Search_and_Explore/
Technologies_and_Fuel_Types/Hydrogen_Fuel_Cell.ph	

•  hFp://www.fuelcells.org/uploads/carchart.pdf	







hFp://www.driveclean.ca.gov/Search_and_Explore/
Technologies_and_Fuel_Types/Hydrogen_Fuel_Cell.ph	


