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• What we need to teach
• Global Warming
• Renewable Energy Resources

• What we can study
• Improving solar, wind, geothermal, biomass
• Enhancing energy efficiency

• What we should do
• Example Michigan State University

Energy Transition Plan
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• Human activity measurably increased CO2 in the 
atmosphere since the beginning of the industrial 
age, ~1750
• CO2 concentration in atmosphere measured in air 

samples since 1867
• Thorpe, T. E. (1867). On the Amount of Carbonic Acid 

Contained in Sea-Air, J. Chem. Soc. 20, pp. 189-199.

• Worries that increase in CO2 may cause global 
warming since 1896
• Arrhenius, S. (1896). On the Influence of Carbonic Acid in the 

Air upon the Temperature of the Ground, Philosophical 
Magazine 41 (251), pp. 237-276.
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• Concentration between 190 ppm and 290 ppm during the last half 
million years (ice core samples)

• Near exponential rise from burning fossil fuels since the beginning of 
the industrial revolution (hockey stick graph)

• 6-7 ppm seasonal oscillations from plant growth and decay (Mauna Loa, 
‘Keeling curve’)

• Net addition of ~2 ppm/year from human activity
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Net addition of 2 ppm/year 
of CO2 to atmosphere
= 16 billion metric tons / 
   year!
= 35 times the weight of all   
   humans on the planet

https://scripps.ucsd.edu/
programs/keelingcurve/



• Atmospheric nuclear 
weapons tests in 
1950s increased 14C 
until test ban treaty 
in 1963

• Exponential decay
since then

• Fit line: CO2 half 
life of 16 years in
atmosphere

• Note: 
T1/2(14C) = 5730 years

W. Bauer (2019)
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ppm CO2

Pre-Industrial-Revolution (< 1750)

Exponential increase since the start
of the Industrial Revolution;
Half of the net CO2 addition 
occurred during the last 35 years!

ppm CO2(t) = 280+0.57 e(t-1750)/50
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Bauer & Westfall, 2nd edition
Data: US DOE EIA
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E = $
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From Wikipedia, the free encyclopedia

= 10000 ppm
= 30000 ppm
= 50000 ppm
= 80000 ppm

CO2 level in atmosphere still
a factor of ~20 below danger
level

Interesting fact / good ‘order of magnitude estimation’ problem: 
Humans breathe out ~ 3·109 tons of CO2 (~ 0.4 ppm) per year
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O3

CO2, H2O

Gueymard, C. (2004). The sun’s total and 
spectral irradiance for solar energy 
applications and solar radiation models, Solar 
Energy 76 (4), pp. 423-453.
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Top of atmosphere:              ; Ground:



O3

CO2, H2O

O3

H2O

CO2 

CH4 

Data from: Hanel, R. A., Conrath, B. J., Kunde, V. G., Prabhakara, C., Revah, I., Solomonson, V. V., and 
Wolfrod, G. (1972). The Nimbus 4 Infrared Spectroscopy Experiment, 1. Calibrated Thermal Emission 
Spectra, Journal of Geophysical Research 77, pp. 2629-2641.

W. Bauer (2018)
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H2O CO2 
CH4 

Must be equal!

W. Bauer (2018)
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• Early Venus may have had liquid water oceans
• High greenhouse gas concentration led to warming of planet and 

subsequent boiling and evaporation of its oceans
• Can Earth encounter the same fate?
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https://www.ncdc.noaa.gov/cag/global/time-series/globe/land_ocean/ytd/12/1880-2020
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(  )   2020 
        incomplete

20th Century
Average



“What can Palaeoclimate Modelling do for you?”
A.M. Haywood et al., Earth Systems and Environment 3, 1-18 (2019)
https://link.springer.com/article/10.1007/s41748-019-00093-1?shared-article-renderer 

Carboniferous period

Yucatan meteor strike

Industrial Revolution
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https://link.springer.com/article/10.1007/s41748-019-00093-1?shared-article-renderer
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• Solar “constant” = 1.366 kW/m2 
(1.41 kW/m2 in Jan., 1.31 kW/m2 in July)

• Average radiation hitting any point on the ground 200 W/m2 (= 55% 
of 1.366 kW/m2/4)

• Total: ~100,000 TW (> 5,000x humanity’s demand)

Wikipedia: Solar-cycle-data.png

Wikipedia: Solar_Spectrum.png
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http://www.3tier.com/en/support/resource-maps/

Direct + Ambient
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<170 W/m2>t
(only ~40% lower than
Nevada desert)
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• Monocrystalline cells 
with single p-n 
junction

• 33.7% for band gap 
of 1.34 eV optimal 
(with AM 1.5 solar 
spectrum)

• Si: 1.1 eV band gap; 
max 24% efficiency

21-July-2020 27

https://en.wikipedia.org/wiki/Shockley–
Queisser_limit#/media/File:ShockleyQueisserBreakdown2.svg

William Shockley and Hans J. Queisser, "Detailed Balance Limit of Efficiency of p-n 
Junction Solar Cells", Journal of Applied Physics, Volume 32 (March 1961), pp. 510-
519
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https://www.nrel.gov/pv/assets/images/efficiency-chart.png 

https://www.nrel.gov/pv/assets/images/efficiency-chart.png
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Pwind ∝ v3
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Community Wind Farm
Ithaca, Michigan
125 Nordex 117 Turbines
• Low-wind design
• 2.4 MW (peak)

117 m
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• Wind speed increases with h
• More power from taller towers

• Broad distribution
• Intermittency

• Capacity factor (@ 60 m)

Factor 5 
in power!

c =
P t

Pmax
=

ft (v)P(v)dv∫
Pmax ft (v)dv∫

= 21%
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363 feet

6 turbines
2.17 GW total
70% efficient

27 billion gallons
19.5 GWh110 feet

https://www.google.com/maps/

Potential Energy:   U = m g h = 7.0 · 1013 J
The same energy storage as 260,000 Tesla Model Y batteries
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• First, remember:  E = $
• Environmental Sustainability must 

also mean Financial Sustainability
• Energy Conservation measures are 

often the lowest hanging fruit
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https://www.c2es.org/content/u-s-emissions/
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• Recycling center /surplus store
• Organic waste composting facility
• Geo-thermal array

• Nursing building

• Anaerobic digester
• Processing of food waste, reduction of artificial fertilizer use, electricity 

production

• Solar arrays
• Demand reduction

• M$10/year energy conservation measures
• Better building challenge
• Data center challenge
• Spartan treasure hunts
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• The greenest 
energy is the 
energy we do 
not consume
• 25 buildings
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• 4.6 M sqft
• Participation from 

Facilities Staff, 
Students, and 
Faculty



• Recurring investment
• $5 - $10 million per year
• ROI time of 5 years or less

• Sample projects:
• LED lighting for dorms/offices/streets
• Steam traps
• Variable speed fans
• Occupancy sensors
• Double-paned windows
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• Power Utilization Efficiency (PUE) improvement
• PUE = Total power to data center / power to computers
• 70+ data centers on campus with average PUE ~ 2
• New data center has PUE < 1.3
• 2 MW compute load => ~ 12,000 MWh energy savings / year

• Cyber security, …
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Completed Nov. 2017



1965: T.B. Simon Plant

1948:                            Shaw Lane Power Plant

1921:            3rd Power Plant

1850

1900

1950

2000

Agricultural College of 
the State of Michigan

Michigan Agricultural 
College

Michigan State College 
of Agriculture and 
Applied Sciences

Michigan State 
University of Agriculture 

and Applied Sciences

Michigan State 
University

1964:

1955:

1925:

1909:

1855:

Image Source: http://onthebanks.msu.edu/Exhibit/1-6-A/history-of-campus-energy-use/

1882:                   Central Boiler House

1894:                             First Power Plant (partial electrification)

1904:                                                      2nd Power Plant

Co
al
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d
G

as

n  Renewables                   n  Duct bank                        n  RICE         
2016-2018:  Re-balancing the T.B. Simon Plant
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• Totally self-contained 
micro-grid

• Co-generates all heat 
and electricity for 
campus

• ~ 6 TBTU primary fuel 
consumption



Year Campus 
Renewable 
Energy

Greenhouse 
Gas Emission 
Reduction

2015 15% 30% 

2020 20% 45%

2025 25% 55%

2030 40% 65%

• Timetable

• Approved by MSU 
Board of Trustees, 
April 2012
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0% 20% 40% 60% 80% 100%

FY16-17
FY15-16
FY14-15
FY13-14
FY12-13
FY11-12
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FY08-09
FY07-08
FY06-07
FY05-06

Natural Gas
Coal
Biofuel

Bituminous coal: 206 pounds of CO2 per million BTU of fuel
Natural gas:  117 pounds of CO2 per million BTU of fuel
Fuel switch from coal to gas results in CO2 emission reductions of 
~250,000 metric tons per year!
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• Pros:
• No farmland used
• Keeps sun, rain & snow 

off parked cars
• Extends life of asphalt
• Advertises ‘green’ 

efforts
• Cons:

• $20-$30 / MWh cost 
premium due to car port 
structure

• Need for phased 
construction
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• Power Purchase Agreement (PPA)
• Developer leases land from MSU
• Developer invest capital and owns the array
• MSU purchases all produced electricity for a fixed price per 

kWh  during the next 25 years
WB et al., in Handbook of Theory and Practice of Sustainable Development in Higher 
Education (Volume 4), Springer (2017).
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• 72 cells on each panel
• Size:  6”x6”
• Monocrystalline silicon

• Panel Size: 3’x6’
• Maximum power output: 335 W
• Power degradation < 0.7%/year
• Year 25: no less than 80% of initial power
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• 5,000 parking spots
• 45 acres
• 40,000 solar panels
• 13.4 MW dc peak power
• 10.5 MW ac peak power
• 15,000 MWh/year of 

solar energy
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14 ft

28 ft

9 ft
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18% of MSU peak power demand, 6% of MSU total annual energy



Largest solar carport array in the USA
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Lot 89



• PPA allows MSU to purchase power at 
a fixed price  over the next 25 years 

• 2015 public service commission utility 
rate $91/MWh, but will increase. 
(DOE-EIA projection: 2.3%/year; last 
decade: 3.35%/year)

Projected total net savings 
~$10M for MSU over the 
25 year PPA period

Green power is now
cheaper than brown 
power!



21-July-2020 62

Feeder

FermenterDigestate Storage Biogas Engine

W. B., Journal of Energy and Power Engineering 7, 1656 (2013)



• ~2,000 garbage trucks / year of organic waste that do not 
get landfilled (and would release methane there …)

• Turned into
• ~5,000 MWh of electricity
• ~10,000 m3 of valuable organic fertilizer 
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WB, J. Fundam. Renewable Energy Appl. 7:7 (Suppl), 67 (2017).
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~100 Acres 
of meadows

maps.google.com
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https://www.princeton.edu/news/
2018/06/28/sheep-shear-maintenance-
princetons-solar-field

https://denison.edu/news-events/
featured/131013

Sheep Grazing Meadow Wildflower/Pollinator Habitat
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Fuel Switch

Digester

Carport Solar Array

New RICE Power Plant

Proposed 20 MW Solar Array



• 700 trees/acre
• 1000 pounds of CO2 

sequestered during 
life of a tree

• Total CO2 emission 
reduction 
equivalent to 
planting 14 Baker 
Woodlots of trees 
(> 800,000 trees) 
each year.

67

Baker Woodlot, MSU:  
78 acres (~ 320,000 m2)
~55,000 trees

maps.google.com
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• Contact Info

Wolfgang Bauer
517 432 4762
bauerw@msu.edu
https://web.pa.msu.edu/people/bauer/
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