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1.	 Your	team	will	have	90	minutes	to	complete	Part	I.	

2.	 Use	Number	2	pencils	only.	Do	not	use	ink	pens.

3.	 Select	the	ONE	BEST	answer	for	each	question.	Completely	fill	the	oval	of	your	intended	
	 answer.	Partially	filled	ovals,	stray	marks	or	smudges	may	cause	questions	to	be	scored	
	 incorrectly.	Questions	with	more	than	one	marked	answer	will	be	graded	as	incorrect.					

 
	 	 Be	sure	ovals	are	marked:	 	 not	as	 	 	

EXAMPLE:

Question:

1.	 When	Thomas	Jefferson	was	5	years	old,	George	Washington	was	16.	How	many	years	id	it	take	
	 for	Washington	to	be	2	years	less	than	twice	as	old	ad	Jefferson?

	 a.	 2	 	 	 d.	 8
	 b.	 4	 	 	 e.	 10
	 c.	 9

Answer	Sheet:	.	                
     A           B         C         D         E

4.	 Remember,	this	is	a	team-based	competition	and	teamwork	is	important.		
	 Successful	teams	use	the	talents	of	all	team	members.	

5.	 All	teams	will	take	Part	1	and	Part	2.		The	scenario	on	Part	2	is	comprehensive	and	is	based	on	
	 all	the	scenarios	of	Part-1.

REMEMBER: 	All	work,	notes,	questions,	etc.	from	Part	2	may	be	referenced	when	working	on	Part	2.

6.	 Questions	or	any	protests	to	Part	I	must	be	made	in	writing	to	JETS	within	three	days	of	your	
	 competition	date.		Responses	to	protests	will	be	provided	and	are	considered	final.		

NOTE: Competition Protest Forms are available through your team Coach in his/her Coach online ac-
count.  

Failure to adhere to all general directions may disqualify your team from the competition.

 

directions – Part 1       9/10 Level

**DO NOT OPEN OR BEGIN PART 1 UNTIL INSTRUCTED TO DO SO**
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Deep Water Oil Rig Safety 

 

scenario # 1          9/10 Level

Submitted by James Goble, MSEE, Ohio University, Athens, Ohio

Introduction 

Petroleum, geological, mining, chemical, electrical 
and mechanical engineers possess essential skills to 
create a safe working environment at a deep water oil 
rig.  

To satisfy the world’s ever-increasing thirst for fos-
sil fuels such as oil, large corporations look for new 
sources. Deepwater drilling is one example of the 
extremes to which they go.  These new sources are 
not easy to reach; drilling can be quite dangerous.

On April 20, 2010, something went wrong with an oil 
rig in the Gulf of Mexico, and the result was disas-
trous.  Eleven crew members lost their lives, and the 
subsequent massive oil spill contaminated Gulf waters 
for three months.

We do not know all the reasons for the failure of the 
Deepwater Horizon oil rig, however we do know that 
some “fail-safe” equipment failed and some safety 
protocols were inadequate.  The consequences of 
these failures will affect the Gulf Coast and the oil 
industry for decades.

The  most widely accepted explanation for the fail-
ure (as of November 2010) is that the heavy drilling 
mud – the mixture that keeps explosive gasses such 
as methane out of the well – was removed before a 
final cement plug was set.  This action went against 
accepted safety protocols. (Wall Street Journal, 
11/9/2010).  Additionally, the alarm system that would 
have alerted workers of the blowout was turned off. 
This directly contributed to the workers’ deaths. (Wall 
Street Journal, 07/24/2010).

Your team of safety engineers has been assigned to 
design a deep water drilling platform.  It is your re-
sponsibility to make sure that no events like the Deep-
water Horizon disaster happen on your rig. You are 

Background

Determine the Failure Rate of an Annular Preventer

A blowout preventer is a large safety valve used to 
control the oil flow out of the wellhead.  A wellhead is 
a component at the surface of an oil well that provides 
connections to the drilling and production equipment. 
There are several types of blowout preventers. These 
are called ram, shear ram and annular:

•	 A	ram-type	preventer	will	close	the	pipe	in	
	 emergencies.	

•	 A	shear	ram-type	can	seal	wells	even	when	the		
	 drill	is	still	in	plae;	their	sharp	blades	slice	the	
	 drill	in	two	as	the	well	is	sealed.	

•	 An	annular-type	blowout	preventer	can	clamp	
	 around	the	drill	shaft	to	maintain	a	seal	during	
	 the	drilling	process.	

•	 Blowout	preventers	are	put	together	in	stacks	
	 (see	Figure	1-1),	to	control	the	wellhead.

All sources were accessed on November 2010.

charged with developing a deep water safety system 
that will protect both the workers and the environment.  
Your system should monitor the integrity of the equip-
ment and automatically implement safety measures 
if a problem develops. In addition, your system must 
address fire safety and the use of mud to counter 
pressure problems.
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Figure 1-1. Deepwater Horizon oil rig
Source: www.understandingsociety.blogspot.com

Figure 1-2. Deepwater Horizon Fire –April 22, 2010
Photo courtesy of US Coast Guard.

Source: www.incidentnews.gov/incident/8220
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Figure 1-3. Blowout Preventer Stack.
Source: www.enterprise.kaypee.org

A 1998 study of various blowout preventers in deep-
well use yielded the following average number of 
minutes the equipment did not work durning a day.

Table 1-1. Average Failure of 
Blowout Preventers.

Assumptions and Givens

All systems must have a failure rate of no    •
 more than 1 in 109 or:
          
           (1-1)

 By system, we mean all of the components   
 that make up a safety or control feature.  

This number should remain the reliability    •
 requirement for all the systems in the scenario.

                    1
          1,000,000,000

• The failure rate measures the percent of time 
 that a component is not working.

1.   What is the failure rate (%) for the average 
      annular preventer?

      a. 0.15%   d.   1.23%
      b. 0.23%   e.   2.33 %
      c. 0.33%

Additional Background

Determine the Failure Rate of a Ram Preventer

Determine Number of Required Stacked Annular and 
Ram Preventers

Often, the systems we use must have a higher reli-
ability rating than the individual components can 
deliver.  To overcome this problem parts are stacked 
together. For the system to fail, every component in 
the sequence must fail at the same time.  

For example, if a part fails 144 minutes a day, with 
1,440 minutes in any given day, it would have a 10% 
failure rate.  If this is higher than acceptable, then we 
would have to stack parts in series until our failure 
rate was acceptable. For this system to fail the first 
part would have to fail, and the second, and the third, 
etc.

Additional Assumptions and Givens

• To find the overall reliablity, multiply the 
 reliability of each part.

• If a part has a 5% failure rate and the required 
 reliability was 10-12, then you would have 
 to keep adding parts to your stack until it met 
 your requirement. In other words:

                (0.05)(0.05)(0.05)….(0.05) ≤ 10-12

2.   How many annular preventers stacked 
      together are needed to meet the reliability 
      standard?

      a.   3  d.   8
      b. 4  e.   10
      c. 6

Blowout Preventer 
Type

Average Time of     
Failures in  Minutes 

per Day
Annular	Preventer 4.8
Ram	Preventer 22.8

Shear	Ram	Preventer 3.6
Main	Control	System 15
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3.   What is the failure rate (%) for the average
      ram preventer?

      a. 0.25%  d.   4.25%
      b. 1.05%  e.   5.42%
      c. 1.58%

4.   How many ram preventers are needed to be     
      stacked together to meet the reliability 
      standard?

      a. 5  d.   11
      b. 8  e.   13
      c. 9

Additional Background

Determine number of needed Control Systems and 
the number of Monitoring Systems

A main control system to control the entire operation 
is very important to the reliability of the system.

• According to Table 1-1, the control system has 
 a daily average failure time of 15 minutes.

For control systems of this type, we need to put in 
place repeated systems to meet our reliability require-
ment.  There are two problems to consider here:  Are 
our control systems working?  and How do we verify 
they are working?  Repeated monitoring systems 
must be used to solve this problem.  

With repeated monitoring systems we create another 
problem.  What if the systems don’t agree?  This 
is dealt with by a system called a majority voting 
system.  This works like this: each monitoring system 
sends a signal indicating whether a problem exists or 
not. If a majority of the monitoring systems indicate 
that a problem exists, then we switch to the next con-
trol system.  For example, if we have three monitoring 
systems, then the reliability for any two of them -which 
is the majority- must meet or exceed your reliability 
requirements.

Additional Assumptions and Givens

• Our monitoring systems fail no more than 2 
 minutes a day.

• Monitoring systems should not be confused 
 with the control systems. Monitoring systems 

 are connected to control systems and are 
 used to monitor the control systems.

5.   How many main control systems are needed to
      meet the overall reliability requirement?

      a. 5 systems  d.   10 systems
      b. 7 systems  e.   12 systems
      c. 8 systems
      
Additional Assumptions and Givens

• Each control system is monitored by the same 
 number of monitoring systems.

• In a majority voting system you need to have 
 the readings of more than half of the sensors 
 to agree in order to accept a  positive or a 
 negative reading. 

6.   How many monitor systems are needed to 
      implement a majority voting system for every
      control system?

      a. 3 systems  d.   9 systems
      b. 4 systems  e.   12 systems
      c. 7 systems

Additional Assumptions and Givens

Design a Safety Sprinkler System for Fire Control

Another important area of safety is fire control. 

• The Deep Water Horizon oil platform had a 
 main deck 357 ft by 256 ft.  Assume your new 
 rig has the same size deck. 

• You want to add an automatic fire-control 
 system that can provide one gallon of water 
 every minute for every square foot of deck  
 space.

7.   What is the minimum amount of water (in 
      gallons) that the sprinkler system must be able 
      to provide for a10-minute fire event?

      a. 81,000 gallons  d.   1,500,000 gallons 
      b. 914,000 gallons e.   1,800,000 gallons
      c. 1,150,000 gallons
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Additional Assumptions and Givens

Determine the Size of the Water Tank needed to Sup-
port the Sprinkler System.

• Assume your sprinkler system is supplied with 
 water by a 60-foot diameter cylindrical tank.  

• The tank must be able to provide up to one 
 million gallons of water during a fire event 
 without refilling.
  
• There are 7.48 gallons of water per cubic foot.

• The volume (m3) for  a cylindrical container is 
 found using the following formula:

                    Volume=	πR2	H		 	 						(1-4)

where,

R = the radius of the tank, m 

H = the height of the tank, m

π	=	3.14

• The volume (in m3) of a spherical container to 
 hold the mud is found by:

             Volume =        πR3            (1-5)

8.   What is the height (in ft) of the cylindrical  
      tank needed to store the water that will 
      support the required sprinkler system?

      a.   35 ft   d.   47 ft 
      b. 39 ft   e.   58 ft
      c. 42 ft

where,

R = The radius of the spherical container, m

Additional Assumptions and Givens

Determine Amount of Mud Needed for Safety

Controlling methane (a very flammable chemical com-
pound ) is another important issue to the safety of the 

platform.  The new oil platform that you are helping 
design has a mud-flood safety system.  This system 
floods the oil casing with heavy mud when an unsafe 
condition is detected.  The amount of mud is depen-
dent on the casing size and the pressure that must be 
countered. 

• One gallon of mud weighs about 9 pounds. 

• Assume a 30-inch inside-diameter casing. 

• Assume that 13,000 pounds of pressure per 
 square inch (psi) must be countered. This was 
 the pressure that the Deepwater Horizon 
 encountered before its destruction.

9.   What is the volume (in ft3) of mud necessary 
      to counter the indicated pressure?

      a. 136,500 ft3  d.   283,300 ft3

      b. 163,700 ft3  e.   507,400 ft3

      c. 238,600 ft3

Additional Assumptions and Givens

Determine the Maximum Amount of Pressure that the 
Safety Mud can Contain 

• Assume there is a 60-ft diameter spherical 
 container to hold the safety mud.

• Assume the same 30-inch diameter casing
  size as in the previous question.

10.   What is the most amount of pressure in 
        pounds per square inch (psi) that can be
        contained by the amount of mud we have? 

      a. 5,670 psi  d.   10,770 psi
      b. 8,770 psi   e.    22,560 psi
      c. 9,180 psi 

 4
 3
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Wind Power

 

scenario # 2          9/10 Level

Submitted by Dominic Ditomaso, Research Engineer, Ohio University, 
Athens, Ohio

Introduction1 
       
Wind around the earth is created from temperature 
differences at the earth’s surface – warmer at the 
equator, colder at the poles.  In the past the potential 
of wind energy was dismissed as too expensive to 
produce, and not generating enough quantities to be 
worth the investment.  Today it has become clear that 
wind energy is a viable option for helping to solve our 
world’s energy crisis.

Mechanical, electrical, environmental and manufac-
turing engineers design equipment to capture wind’s 
energy, an excellent non-polluting way to produce 
renewable energy, and convert it into electricity.  This 
scenario demonstrates the role that engineers play in 
the design of technologies  that harvest energy from 
the wind.

Currently 2% of the world’s electricity is produced 
by wind power.  As more wind farms are built in the 
United States and elsewhere, this number is expected 
to rise. Engineers hope to be able to increase this 
percentage by designing more efficient wind harvest-
ing equipment.  But engineers also have to address 
people’s opposition to the aesthetic challenges that 
wind farms present to their surroundings.

Wind-turbines, like old-fashioned windmills, use 
blades to capture the wind’s kinetic energy. The 
blades move from the lift created as wind flows over 
them. The blades are connected to an axle (drive-
shaft) which spins an electric generator and produces 
electricity.

Engineers must consider many factors when design-
ing a wind-turbine, such as:

• Blades (size, shape, orientation)
• Turbine orientation
• Windmill tower height
• Wind patterns in the area
• Energy storage

The way a blade is designed can have a large impact 
on the efficiency (effectiveness) of a wind turbine.  
Careful analysis goes into blade design to make sure 
that the maximum amount of power comes out. Some 
important factors that contribute to blade design 
include:

• Length
• Number
• Pitch
• Shape
• Materials
• Weight

The power a wind-turbine is capable of producing 
increases with the size of the turbine. Small wind-
turbines can used to provide some or all of the elec-
tricity needed for a home or business. Many large 
wind-turbines in one large area, called wind farms, 
can provide electricity for an entire town. Wind speed 
and wind consistency are also important factors when 
designing a wind-turbine.  Though the overall amount 
of wind in a location may not vary from year-to-year, 
it may vary widely on a day-to-day basis.  Therefore, 
the power output generated by wind energy may be 
high some of the time but low or nonexistent when 
there is no wind. Therefore, when designing a wind 
turbine engineers must plan to divert some of the gen-
erated energy to storage on an electric grid.

The task of your team is to design a small scale wind-
turbine and explore the design and economic value of 
other wind turbines. 

Background

Find the Blade Speed of Rotation for Maximum Power 
Output

The speed of the blades of a wind turbine needs to be 
just right in order to generate the most power. If the 
blades spin too slowly, most of the wind will pass 

All sources were accessed on November 2010.
1Material located at www.kidwind.org moticated the author to devire most of the questions in this scenario.
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through the blades. However, if the blades move too 
fast, they will act like a wall and will block the wind. 
The Tip Speed Ratio (TSR) is a quantity without a unit 
that compares the speed of the blade with the speed 
of the wind. The TSR is given by the following 
equation:

      TSR =               (2-1)

Figure 2-1. Speed is faster near 
the tip of the blade 

Picture provided by: www.kidwind.org

Assumptions and Givens

• The best TSR to achieve the maximum 
 generation of power depends on the number 
 of blades and is given by the following 
 equation: 

           TSR (for maximum power) =         (2-2)

where,

n = number of blades

π = 3.14

• An approximate best TSR for wind turbines  
 with various number of blades calculated using   
  Equation 2-2, is given in Table 2-1.

4π
n

  # of Blades Best TSR
          2          -     Around 6
                  3          -     Around 4.5
                  4          -     Around 3
                6          -     Around 2

Table 2-1. Best TSR based on the number of 
blades.

• The wind turbine that you want to design has 
 3 blades.

• The anemometer is a device that measures 
 speed of wind. 

• From an anemometer, you are finding that the
 average wind speed in your area is 8.4 mph.

11.  What should the tip speed of your blade be to  
       get the maximum power output?

       a. 19 mph   d.  38 mph
       b. 24 mph   e.  45 mph
       c. 28 mph

Additional Assumptions and Givens

Determine Maximum Power Output

• You measure that your blades are actually 
 rotating at the speed of 25 revolutions (turns) 
 per minute (RPM).

• Tip Speed of Blade (TSB) can be found by the 
 equation:

 Tip Speed of Blade = (Ω)(R)           (2-3)

where,

Ω  = Rotational speed, rad/s; rad means radian.

R = Rotor radius, m

Tip Speed of Blade, m/s

• The radius of your rotor is 3 meters.

• The wind speed is 8.4 mph.

• 1 m/s = 2.237 mph.

• 1 Revolution  ≈ 6.28 radians

[Tip Speed of Blade]
[Wind Speed]

12
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12.  Using the same wind turbine as in question   
       #11 (3-blade turbine), what is the tip speed of 
       your blades (in mph) and are you getting the
       maximum power output?

       a. 8.8 mph, No  d. 19.8 mph, Yes
       b. 12.3 mph, Yes  e. 34.1 mph, No
       c. 17.7 mph, No
 
Additional Background

Calculate Annual Savings

Electricity is measured in units of power called Watts. 
A kilowatt-hour (kWh) is a unit of electric energy and 
is equal to the energy of 1,000 Watts working for one 
hour. 

Small wind turbines produce less than 10 kW but are 
low maintenance.  Large wind turbines are connected 
to an electric grid to store excess electric energy and 
typically produce around 500 kW – 5 MW.

Additional Assumptions and Givens

• Assume your wind turbine outputs 1 kW of 
 power averaged over a year.

• An average American home like yours uses 
 11,040 kWh of energy annually.

• The average energy cost of electricity is 
 $0.10 / kWh in your area.

• 1 year = 8,760 hr

• 1MW = 1,000 kW

13.  How much money does your wind turbine
       save you a year? 

       a. $876   d. $6,350
       b. $1,250   e. $7,530
       c. $3,280

Additional Assumptions and Givens

Determine Profit

• A large wind turbine was built for $1,300,000 
 at the end of 2001.

• The turbine produces 5,600 MWh annually.

• The wind turbine is connected to the electric 
 grid and sells electricity at $0.04 / kWh.

• Disregard annual operating and maintenance  
 costs.

14.  At the end of 2010, how much profit was 
       made?

       a. $556,000  d. $890,000
       b. $716,000  e. $935,000
       c. $852,000

Additional Background

Determine Maximum Generated Power

When designing a wind turbine it is very important to 
know how much power is available in the wind. Air 
density, swept area of the blades and the 
velocity (speed) of the wind are factors that determine 
the power in the wind equation. Equation 2-4 yields 
the maximum theoretical power that can be generated 
by a wind turbine. 

            (2-4) 

where, 
 
P = Power, Watts

ρ = Air Density = 1.225 kg/m3 at sea level

A = Swept Area of Blades, m2

V = Velocity of the wind, m/s
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Figure 2-2.  Swept Area of Wind Turbine
Picture provided by: www.kidwind.org

Calculations can estimate the total energy capability 
in a given area of wind. Comparing this value to the 
actual power produced by your wind turbine can 
indicate how efficient (effective) the turbine is.

Additional Assumptions and Givens

• The wind is blowing at 15 m/s.

• Your blades are 30 meters long each.

• The wind turbine is at sea level.

• The swept area can be found by using the 
 same equation as the area of a circle:

  Area = πr2          (2-5)

where,

π = 3.14159 

r = radius of the circle

15.  How much total power (in MW) is in the wind 
       hitting your wind turbine?

       a. 1.75 MW   d. 4.65 MW
       b. 2.55 MW   e. 5.85 MW
       c. 3.25 MW

Additional Background

Calculate the Coefficient of Power or Efficiency of a 
Wind-Turbine

A measurement of how efficiently (successfully or pro-
ductively) a wind turbine converts the wind energy into 
electricity is called the coefficient of power. The Power 
in the Wind Equation can provide the total energy 
available in the wind. 

By also knowing the amount of electricity a wind tur-
bine is producing you can find its coefficient of power 
(Cp) or efficiency (measured in %):
        
    Cp =              (2-6)

16.  How much electricity (in MW) is your wind 
       turbine in question #15 producing if its 
      coefficient of power is 33%?

       a. 0.43 MW   d. 5.73 MW
       b. 0.83 MW   e. 9.83 MW
       c. 1.93 MW

Additional Background

Work Around the Betz Limit

The Betz Limit is a number that gives us the maxi-
mum theoretical coefficient of power, or efficiency, 
for any wind-turbine. This value was calculated to be 
59.3%. This means that no wind-turbine can convert 
more than 59.3% of the kinetic energy of the wind into 
mechanical energy.

The graph in Figure 2-3 shows two power curves for a 
wind turbine. The turbine is a small scale, three-blade 
commercial wind turbine. The top curve shows the 
theoretical power that the wind turbine can produce. 
This is the total power available in the wind. The bot-
tom curve shows the actual power produced by the 
turbine. As you can see, at high wind speeds the coef-
ficient of power is low. Small scale wind turbines have 
lower efficiency than large scale wind turbines.

Electricity produced by wind turbine
Total Energy available in the wind

14



TEAMS Competition 2011JETS, Inc.

 

©9/10 Level

Figure 2-3. Power Curves for a 
Bergey XL.1 Turbine

Source: www.harnessnature.com/aaaPdfs/LESSON_windpowercurves.pdf
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Additional Assumptions and Givens

• Figure 2-3 shows the power curves for a 
 Bergey XL.1 wind turbine. It shows both the 
 actual and theoretical power output at different 
 wind speeds.

17.  Approximately what percentage of the Betz 
       Limit does the Bergey XL.1 convert at 15 m/s? 
       (Hint: Read the correct units on the axes of 
       Figure 2-4).
 
       a. 24%   d.  67% 
       b. 30%   e.  96%
       c. 38% 

Additional Background

Study Wind Farms

Wind farms are a collection of wind turbines located 
in the same area. A lot of electricity can be produced 
with many turbines working together. Wind farms can 
be located on land or offshore in the ocean. Offshore 
wind farms can create a lot of electricity because wind 
tends to be very strong and consistent when away 
from land. 

Additional Assumptions and Givens

• The Horse Hollow Wind farm in Nolan County, 
 Texas was completed in 2006 after three 
 phases.

• The 47,000 acres of the farm consist of 291 
 GE 1.5 MW wind turbines and 130 Siemens 
 2.3 MW wind turbines.

• Assume that 1 MW of electric power can cover 
 the needs of electricity for 300 American
 homes.

18.  How many American homes can the Horse
       Hollow Wind farm provide electricity for?

       a.   28,700 homes        d. 205,440 homes
       b.   67,350 homes        e. 220,650 homes
       c. 185,860 homes

Additional Assumptions and Givens

Calculate Wind Capacity

• In 2008, the United States led the world in 
 wind power with 25 GW of total capacity.

• In 2009, the U.S. added 10 GW of capacity by 
 adding more wind farms.

• The population of the U.S. in 2009 was 305 
 million people.

• 1 GW = 1,000 MW

19.  What was the wind capacity in MW per million
       people for the U.S. in 2009?

       a. 115 MW per million people
       b. 225 MW per million people
       c. 364 MW per million people
       d. 453 MW per million people
       e. 612 MW per million people

Additional Background

Determine Generator Shaft Spinning

In order for the wind turbine to generate electricity, 
an electric generator must be present. A generator 
transforms mechanical energy into electrical energy. 
The generator works by turning a coil of wire inside a 
magnetic field. When this happens, an electric current 
is created within the coil.  As the blades of the wind 
turbine spin, they cause a shaft to spin with them. The 
shaft then rotates the coils in the generator. Because 
the generator has to spin very fast to make electricity 
several gears must be used.

The gear system in a wind turbine, like the ones on a 
typical bicycle, uses larger gears with more teeth to 
make the smaller gears with fewer teeth spin faster. 
The gear ratio is the ratio between the number of 
teeth on two gears connected together. For example, 
if the first gear had 60 teeth and the second had 15 
then the gear ratio would be 60:15 or 4:1. In other 
words, every time the first gear makes one turn, the 
second makes four.

16
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Additional Assumptions and Givens

• The blades are spinning at 20 RPM 
 (revolutions or turns per minute).

• The gearbox has 3 gears.

• The first gear has 1,280 teeth and is 
 connected to a second gear with 64 teeth. The 
 64-tooth gear is then connected to a third gear 
 which has 16 teeth.

20.  How fast (in RPM) is the generator shaft 
       spinning?

       a. 1,300 RPM   d.   7,800 RPM
       b. 1,600 RPM   e. 11,700 RPM
       c. 3,500 RPM

17
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Natural Gas New Discoveries

 

scenario # 3          9/10 Level

Submitted by David Meredith, P.E., Pennsylvania State University,
Fayette, Uniontown, Pennsylvania

Introduction 

Chemical, geological, petroleum, mechanical and 
mining engineers develop techniques and equipment 
to harvest energy from natural gas deposits.  In spite 
of the recent emphasis on renewable energy sources 
(solar, wind, hydro and geothermal) as a solution to 
the global energy crisis, natural gas and oil are cur-
rently supplying more than 60% of our energy needs. 
Natural gas heats our homes, warms our water, dries 
our clothes, cooks our meals, and in some cases 
powers the plants which generate electricity. Engi-
neers believe that the recent discovery of the Marcel-
lus Shale deposit a tremendous swath of black shale 
located more than a mile deep under the Appalachian 
basin can become a major source of natural gas for 
our nation. It is estimated that from a small start five 
years ago, the field is projected to provide up to 10% 
of the U.S. natural gas supply within the next five 
years. 

This scenario demonstrates the role that engineers 
play in the design of the elaborate process and the 
appropriate equipment needed to extract the gas from 
its location under the surface of the earth. Steel cas-
ing pipes, wiper plugs, special drill bits, drilling mud, 
fracing, and proppants are all parts that engineers use 
to complete the job of the extraction.   

A detailed description of the drilling process follows.
Drilling starts with the making of a 20-inch diameter 
drill hole. See Figure 3-1.  To protect ground water 
sources from contamination, the first 500 ft are lined 
with steel pipe called “casing” which is cemented into 
place.  After the ground water is protected, another 
string of casing is set through coal to separate and 
protect these deposits from further drilling. 

The next 2,000 ft is cased and cemented to prevent 
contamination and maximize the stability of the hole.  
To expel rock chips dislocated by the rotating drill bit 
and to control the pressure of the gas once the de-

posit is reached, a special mixture of drilling mud is 
pumped down the hole. As the target level is reached, 
the drill gradually turns by 90o and eventually moves 
horizontally through the formation.  

To create a network of gaps for the gas to escape 
into the pipe, the gas-bearing layer is cracked with 
high pressure water and a special mix of sand and 
additives.   About 30% of the water is returned to the 
surface.  Most of this water is reused in other drilling 
process; the other 70% must be processed before it is 
allowed to be released to the environment.  

Figure 3-1 shows the drilling process of natural gas 
starting from the surface of the earth all the way down 
to the Marcellus Shale at an approximate depth of 
1,800-2,000 meters.

Assumptions and Givens

Calculate the Thickness of the Natural Gas Layer

• The shape of the Marcellus field is like a right
 triangle measuring 480 km east-to-west by
 530 km north-to-south.  

• It is estimated that the productive layer is an 
 average of 30 meters thick at an average 
 depth of 1,800 meters below the surface.  

• At this depth, the gas pressure is 16.5 MPa 
 and the temperature is 85oC.  

•  A Pascal (Pa) is a unit of pressure 
 (1 Pa = 1 N/m2). It represents the pressure 
 of a force of one Newton applied to an area 
 of one square meter. One Pascal is a very 
 small unit. For example, to measure the 
 atmospheric pressure near sea level we need 
 101,325 Pa or 101 kPa.

• 1 MPa = 1 Million Pascal; 1 kPa = 1,000 Pa.

All sources were accessed on November 2010.
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Total well length ~3500 m 

Surface 

Marcellus Shale at ~2000 m depth 

Ground water 

                  150 m 

Coal & Gas Seams 

                   300 m 

 

 

                1500 m 

20” dia w/ 16” casing 

 

16” dia w/12” casing 

 

12” dia w/  8” casing 

                 (as needed) 

Kick off point 

8” dia 

 

 

 

 
Figure 3-1. Drill’s path to the Marcellus Shale
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• The volume of the entire gas in the deposit is 
 14 trillion cubic meters at Standard 
 Temperature and Pressure (STP). 

• STP is considered at a temperature of 20oC
 and at a pressure of one atmosphere at sea 
 level (101 kPa).

• The ideal gas law would apply to this situation:  
  
              V2 = V1                           (3-1)

where,

V2 = volume of gas at depth conditions (m3)

V1 = total gas volume at STP (m3) 

P1 = standard pressure of natural gas, kPa 

P2 = pressure of natural gas in the field, kPa 

T1 = standard temperature of natural gas (oK) 

T2 = temperature of natural gas in the field (oK)

• The ideal gas law says that any ideal gas can
 be characterized by its pressure, its volume 
 and its temperature. When an ideal gas moves 
 from an initial state (V1, P1, T1) to a final state 
 (V2, P2, T2), then formula 3-1 holds. 

• We assume that the initial state is when the 
 natural gas is at STP and that the final state is 
 when it exists at depth conditions in the field.

• To convert temperature from degrees 
 Celsius (oC) to degrees Kelvin (oK) use: 
 oK = 273 + oC

• Assume that the natural gas is evenly
 distributed over the entire field. Therefore, 
 visualize it as a layer of gas equal to a certain 
 thickness (Th - in meters) at depth conditions.   

• The thickness is equal to the total gas volume 
 (V ) in the field, divided by the total area of the 
 field on the surface (A).

          Th =            (3-2)

)( (P1
P2

T2
T1

)

where,

Th = thickness gas at depth conditions, m

V = total gas volume, m3 

A = surface area, m2 

Figure 3-2. The geographical extend of the 
Marcellus field.

21.  Using this geometrical model, what is the
       thickness (in meters) of the natural gas layer? 

      a.  0.3 m   d.  5.1 m
      b.  0.8 m   e. 18.8 m
      c.  2.8 m 

Additional Assumptions and Givens

Calculate the Number of Wells Needed 

•  The US currently uses 645 billion cubic meters
 (m3) of natural gas (at STP) per year.  V

A

 

th = ? 

480 km 

530 km 

P = 16.5 MPa 

T = 85°C 

 

530 km 

480 km 
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• A Marcellus Shale gas well produces 100,000 
 m3 (at STP) per day.

22.  How many production wells are required in 
       the Marcellus formation to provide 10% of the 
       US natural gas consumption? 
   
       a. 1,770    d.  18,000
       b. 2,350   e.   645,000
       c. 6,500

Additional Background

Calculate how much Concrete is Needed to Protect 
Ground Water

To protect the ground water, steel casing is inserted 
into the well (see Figure 3-3. A).  Cement is then 
pumped to the bottom of the hole to fill the ring area 
between the outside of the casing and the inside of 
the hole (see Figure 3-3. B).  

The ring area, fills from the bottom up. The cement 
will prevent leaks around the casing after it hardens.  

After the concrete is pumped into the casing, a plug 
is inserted into the casing and drilling mud is pumped 
behind the plug (see Figure 3-3.C). The mud forces 
the remaining cement to completely fill the ring area 
between the casing and the well wall along the entire 
depth of the well.  

The plug ends up at the bottom of the well under a 
column of mud (see Figure 3-3.D).  The next phase of 
drilling simply punches through the plug.

Figure 3-3. (A) Steel casing is inserted into the 
well. (B) Concrete is pumped to fill the annulus. 

(C, D) A wiper plug is inserted and drilling mud is 
pumped behind it.

Additional Assumptions and Givens

• Casing is inserted for the first 150 m of well 
 depth to protect the ground water.  

• The diameter of the hole to the well wall is
 50 cm (see Figure 3-3.A).

• The outside diameter of the steel casing pipe
 measures 40 cm (see Figure 3-3.A).

23.  How much concrete (in m3) is needed to fill 
       the ring between the well and the steel
       casing?

       a. 0.9 m3   d.  18.0 m3

       b. 2.3 m3   e.  30.0 m3

       c. 11.0 m3

Additional Background

Calculate the Mass of the Pipe when it Reaches a 
Certain Depth

It is important to calculate the mass of the pipe that is 
used, because a motorized rig located at the surface 
of the earth will have to lift it up and bring it all the way 
back up to the surface.  

After the ground water protection area, there will be 
another 150 m of regular vertical drilling. This drilling 
will have to create a 45-cm diameter hole.  This seg-
ment is lined with 20 cm diameter casing and cement-
ed into place as well.  

The final 1,200 m (all the way to the 1,500 m depth) of 
vertical drilling is completed by a three-headed rotat-
ing drill bit to break through the rock layers.  The stem 
of the drill (made out of pipe)  is created by connect-
ing 12.5 m long pipe sections of steel pipe end-to-end. 
To remove the drill bit, the rig on the surface must be 
able to lift the mass of this almost mile-long pipe stem. 
 
• The volume of a cylinder can be found using

  V =  π (R2) (H)

where,

depth can be used in place of height (H)

 

150 m 

40 cm dia 

    50 cm dia 

Casing 
Mud 

 Wiper Plug  

Concrete 

 Well Wall 

 A         B            C           D 
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Figure 3-4. Drill stem created by 
12.5 m long pipe sections of steel.

Additional Assumptions and Givens

• The pipe used to construct the drill stem 
 measures 15 cm outside diameter by 13 cm 
 inside diameter (see Figure 3-4).

• The density of steel is 7,850 kg/m3.   Density 
 is defined as mass over volume.

• The mass of the pipe is given by the density 
 times the volume of the metal in the pipe: 

                      m = (ρ) (V)            (3-3)

where,

m = mass, kg

ρ = density, kg/m3

V = volume, m3

24.  What is the mass of the pipe (in kg) when 
       the drill bit reaches 1,500 m?
  
       a.  6,590 kg  d.   156,000 kg
       b.  37,200 kg  e.   208,000 kg
       c.  51,800 kg

Additional Assumptions and Givens

Find  the Depth of the Hole at a Certain Pressure 

Drilling mud is pumped down the center of the drill 
stem.  The drilling mud maintains a static pressure in 
the well to prevent a blowout caused by gas or oil ris-
ing to the surface. 

• The typical density of drilling mud is 
 1,200 kg/m3.  

• Imagine this drilling mud as something 
 between chocolate milk and maple syrup.  

  12.5m 

13 cm 

 
L = 1500 m 

 
15 cm

 For comparison, pure water has a 
 density of 1,000 kg/m3. 

• The drilling mud static pressure at the bottom 
 of the hole is given by: 

  P = (ρ) (g) (H)      or         (3-4)

  H = P / (ρ) (g)
         
where,

P = pressure in N/m2 or Pa 

ρ = density of the fluid, kg/m3 

g = acceleration of gravity = 9.81 m/s2 

H = depth of fluid, m  

25.  When the static pressure caused by the 
       drilling mud in the hole is 15 MPa at the 
       bottom of a hole, what is the depth of the hole 
       (in meters)?
 
       a.  785 m   d.   2,550 m
       b.  1,275 m  e.   3,880 m
       c.  1,835 m

Additional Background

Find the Minimum Flow Rate to keep the Rock Chips 
Suspended

At the bottom of the well, the drilling mud passes 
through the drill bit and back up the outside of the 
drill stem (inside the casing).  The mud cools the drill 
bit from the heat of the friction as it cuts through the 
rock.  The mud also carries the rock chips back to the 
surface.  The mud and rock chips returned to the sur-
face are sent to a holding basin (sink).  After the rock 
chips fall to the bottom of the basin (sink), the mud is 
reused.
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Figure 3-5. Drilling mud passing through
 the drill bit.

Additional Assumptions and Givens

• To keep the rock chips suspended, the upward
 speed of the mud through the ring area 
 between the pipe stem and the well wall must 
 be at least 0.8 m/s. The slowest speed will 
 occur in the largest diameter casing.

• The largest diameter casing can be found 
 near the top (to protect the ground water).  
 The inside diameter of that casing is 38 cm.

• The outside diameter of the drill stem is 15 cm.

• The formula connecting flow rate, area and 
 speed is given by the following:

  Q = (Vf) (A)            (3-5)

where,

Q = volumetric flow rate, m3/s

Vf = flow velocity, m/s and 

A = net area for the flow – (cross sectional area of 
      the doughnut see Figure 3-5), m2

26.  What is the minimum flow rate (in m3/s) 
       required to keep the rock chips suspended? 

       a. 0.077 m3/s  d. 1.280 m3/s
       b. 0.430 m3/s  e. 2.320 m3/s
       c. 0.620 m3/s

Additional Background

Calculate the Additional Depth of Drilling Required to 
Complete a 90 degree Turn

At the 1,500-m level, the diameter of the wall of the 
well is reduced to a final 20 cm. To reach the horizon-
tal segment of the well, the drill stem is pulled out and 
a new steerable drill bit is installed on the end of the 
drill stem.   

This new unit has 3 sections:

• a drill head. 
• a mud motor. 
• an instrumentation package.  

The drill head (see Figure 3-6, section  A) is rotated at 
about 90 rpm (revolutions or turns per second) by a 
mud motor that uses the flow of mud to rotate the drill 
bit.  

The mud motor is located behind the drill head in a 
steerable section that can point the drill head in the 
desired direction (see Figure 3-6, section B).  

The instrumentation section (see Figure 3-6, section-
C) tracks where the drill bit is pointed.  The detectors 
are about 8 m behind the drill bit.

Additional Assumptions and Givens

• The 0.5-m long drill bit can be sloped at an 
 angle of 0.2 degrees from the direction parallel 
 the last two sections of the drill head.  

• Every time the drill bit moves forward the 
 length of the drill bit, the direction changes by 
 0.2 degrees.  

• The total length of the turn, L (in meters), is a 
 quarter of the circumference of a circle with 
 radius R (in meters).  See Figure 3-6.

• L = (1/4)(2πR) = (1.57)(R).

 

V = 0.8 m/s 

d = 15 cm 

Max dia 

Drill Stem 

 

Well Wall 

 

Drill Head 

 

Mud flow down 

Mud + chips up 
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0.2° 

C 

 

B 
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0.5 m 

8 m 

Kick Off Point 

 

Marcellus Shale 

~2000 m 

L = ¼ (2πR) 

H = ? 

R 

Marcellus Shale
Figure 3-6. Steerable drill bit used to 

complete a 90 degree turn.

27.  What is the additional vertical depth, H (m), 
       (see Figure 3-6) required to complete a 
       90o turn? 

       a.  78 m   d.   390 m
       b.  140 m   e.   780 m
       c.  230 m

Additional background - Fracing

Calculate  the Output Pressure of each Pump Needed 
to Fracture the Rock Layer that Contains the Natural 
Gas

After the corner is turned, drilling continues for an-
other 2,000 m of horizontal distance.  Once the drill bit 
has reached the desired total depth (vertical length + 
turn length + horizontal distances), the final casing is 
installed in the horizontal segment and cemented into 
place.  

The drilling phase is now complete, the drilling rig 
and associated equipment are broken down, loaded 
onto trailers and sent to the next drill-site to repeat the 
process.  

Fracing: fracturing the rock layer containing the 
natural gas.

The next step is to fracture the rock layer containing 
the natural gas. This process is called “fracing” and 
is done in 4 to 6 sections of the horizontal segment.  
First a segment of the well is isolated on both ends by 
a temporary plug.  The casing is then pierced to con-
nect the gas-bearing rock to the well (see Figure 3-7).  

The rock layer is fractured by injecting high-pressure 
water into it.  To keep the connections  open, a prop-

pant (usually sand) is added to the water.  Proppants 
are particles mixed with fluids used to keep fractures 
open after they are created. Once the water is re-
moved, these particles provide a clear path for the 
gas to flow all the way up to the surface.

To be able to pump fluids at these extreme conditions, 
two trailers are brought on site to work in tandem (at 
the same time).  Each trailer has a special pump with 
a large diesel motor.  The pumps operate like car 
engines in reverse. 

Figure 3-7.  Typical casing perforation into the 
Marcellus shale strata.

• Each piston discharges 18 liters (L) of water 
 per stroke.  

• The 2,500 HP diesel motor operates at 635 
 RPM (revolutions or turns per minute).  

• A special gear slows down the speed of the 
 pump to 100 RPM.

Additional Assumptions and Givens

• The spinning shaft of each pump pushes 
 120 L/s of water and sand out at high 
 pressure.  

• The pump runs at a mechanical efficiency
 (n) of 90% or 0.9. 

• The specific gravity of the mixture is 1.20.

• The equation to determine pump horsepower
 is given by: 

 BHP =                      (3-6)

where,

BHP = brake horsepower into the pump from the 
           motor, hp

P = output pressure, MPa

Q = flow rate, L/s 

 

(P)(Q)(Sg)
(C)(n)
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Sg =specific gravity of the mixture (Sg = 1.0 for water)

C = units conversion factor of 0.746 kW/hp

n = mechanical efficiency of the pump (as a value    
      between 0 and 1.0)

• One horsepower (hp) is a unit of power. It was 
 originally used to compare the output of steam 
 engines to the power of horses.

28.  What is the output pressure of each pump 
       (MPa)?
 
       a. 3.7 MPa  d.  56 MPa
       b. 6.2 MPa  e.  77 MPa
       c. 12 MPa 

Additional Assumptions and Givens

Calculate how many Sand Trailers are needed to 
fracture a Well

• Sand is normally used as the proppant 
 because it is inexpensive and easily available.  

• Sand is blended into the water at a ratio of 
 0.125 kg/L. 

• The total water flow from the pair of pumps to 
 completely fracture the well, is 240 L/s for 30 
 continuous hours.  

• Each sand trailer can contain a maximum of 
 20,000 kg of sand. 

29.  How many sand trailers are required to
       completely fracture a well?

       a.  3   d.  22
       b.  13   e.  160
       c.  16

Additional background

Understand How Sand Particles Work

To get an idea on how the proppants work, put an 
empty balloon under the corner of a laptop computer.  
If you blow on the balloon hard enough, you could 
lift the corner of the laptop.  Now suppose you could 
inject some marbles into the airflow as you were fill-

ing the balloon.  When the pressure on the balloon 
is released, the laptop would now be resting on the 
marbles.
 
We fracture rock in a similar manner, but instead of 
air, we use water; and instead of marbles, we use 
sand.  

High-pressure water creates a single flat lift of the 
rock layer and distributes the sand particles uniformly 
across the surface of the lower rock.  The water layer 
height creating the crack is about 150% of the aver-
age diameter of the sand particles ( H = 1.5 D) to 
allow the particles to spread out evenly over the newly 
created fissure.  When the pressure is released, the 
extra water is returned to the surface until the weight 
of the top rock layer is resting on the sand particles. 

Figure 3-8. Well fracture.

Additional Background 

Calculate the Number of Particles per Square Meter 
after the Water is Extracted

• Assume the water thickness, H = 1.8 mm.  

• The average single sand particle has a 
 diameter of  D = 1.2 mm.  

• The sand-to-water mass ratio is 0.125
  kgsand / kgwater 

• The density of water is 1,000 kg/m3.  

• Individual particles of sand have a density of 
 2,650 kg/m3.  

• Individual sand particles can be modeled as
 spheres of diameter D and a volume of 

  Vp =         (D3)            (3-7)
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where,

Vp and D are in units of m3 and m respectively

• The total mass of sand in a given volume of 
 water can be determined by two equations 
 with one unknown:
 
  M = (ρw)(Vw)(χ)       (3-8) or

  M = (N)(Vp)(ρs)          (3-9)

where,

M = total mass of sand in a given volume, kg

ρw = density of water, kg/m3 

Vw = volume of water, m3

χ = sand-to-water ratio in kgsand /kgwater

N = number of sand particles

Vp = volume of an individual sand particle, m3

ρs = density of silica (sand), kg/m3

Figure 3-9. Sand particles inserted in rock fissure.

30.  What is the number of sand particles per 
       square meter inserted in the rock crack? 
       (Hint: make the right hand sides of equations 
       3-8 and 3-9 equal to each other and solve 
       for N). 
       
       a.  93   d.  78,000
       b.  2,600   e.  94,000
       c.  2,900

 

1 m H=1.5 D 

D=1.2mm 

1 m 
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Passive Building Design 

 

scenario # 4          9/10 Level

Submitted by Dan Comperchio and Adam McMillen, KJWW Engineering 
Consultants, Naperville, Illinois

Introduction 

Civil, artchitectural, mechanical, construction, manu-
facturing, and environmental engineers design build-
ings with a minimun impact on energy resources.

Your neighbor in the mid-west is building a new 
house. The entire portion of the roof uses half an inch 
of foam. The walls of the house are thick insulated 
concrete forms, like the ones used for basement 
foundations. The floor is a concrete slab sitting on top 
of insulating foam. Where the walls meet the ground 
and the inside floor, they are wrapped underneath 
with plastic so they do not directly contact either 
slab or ground. There is nothing that will allow heat 
conduction from the inside space to the outside. His 
old house had an 100,000 Btu1 furnace but his new 
house will require at most 14,000 Btu to heat at any 
day of the year. For much of the year, the house will 
be sufficiently heated just by the sun coming through 
the windows. This scenario describes the passive 
house building design approach which concentrates 
almost exclusively on heat retention. This design not 
only yields very low heating bills but it also addresses 
global warming. (Jim Phillips, Athens News Associate 
Editor, Nov. 29, 2010).

This scenario demonstrates the role that engineers 
can play in the proper design of buildings so that 
less heating energy and less money are consumed 
in good quality building construction. Assuming that 
energy is generated at coal-fired power plants, en-
gineers can estimate the number of homes whose 
energy needs can be covered from the saved energy. 
Engineers have also come up with the idea of “com-
bined heat and power”. During this operation, better 
described as energy cogeneration, the excess heat 
wasted at conventional power plants can be captured 
and used for heating purposes. During this scenario, 
engineers will also demonstrate how to save energy 
through water conservation.

Your team has been asked to provide advice on ways 
to reduce energy demands on buildings. You will 
study heat gains through windows and advantages of 
good construction ideas. You will find ways to reduce 
the amount of coal needed to supply the energy 
needs of buildings. You will study the advantages of 
combined heat-and-power systems. Finally you will 
calculate money savings through water conservation. 

Background

The US Department of Energy estimates that build-
ings consume approximately 40% of the entire energy 
supply in the United States.  The future design of new 
and existing buildings will have a large impact on the 
amount of energy that will be required from US energy 
sources.  Research has shown that a 20% to 30% 
reduction in energy use is possible through the use of 
simple  decisions and current technologies.  

1The British Thermal Unit (BTU or Btu) is used to 
measure the heat value of fuels. To better under-
stand this unit, consider one Btu as being equal to 
the amount of heat produced by burning one wooden 
match.

In the city of Chicago, Illinois, city officials want to 
construct a new high school building using new 
methods and materials. The 100,000 ft2 building is a 
simple rectangle with a 1,000-ft length by 100-ft width 
footprint and is approximately 15 ft tall.  It includes 
classrooms and offices spaces.

Assumptions and Givens

Calculate Heat Gain through Windows

• Each exterior wall includes approximately 30% 
 glass equally spaced along the entire length.  

• Each exterior wall has an overall heat transfer 
 coefficient (U), of 0.05 Btu/hr-ft2-˚F.

All sources were accessed on November 2010.

27



 

JETS, Inc.© 9/10 Level TEAMS Competition 2011

• Each window has an overall heat transfer 
 coefficient (U), of 0.40 Btu/hr-ft2-˚F.

• The heat transfer coefficient is needed in 
 equation (4-1) below, for the calculation of the 
 total heat gain for each wall or window of the 
 building.

• Ignore sun’s heat coming through the 
 windows.

• A method to calculate the heat gain through 
 a wall or a window is called the Cooling 
 Load Temperature Difference (CLTD ) area 
 method.  

• The CLTD method assumes different heat gain 
 values based on the building orientation 
 relative to the sun’s tracking throughout the 
 year.  Each orientation includes a different 
 CLTD value.

• The CLTD (in degrees Fahrenheit) for the wall
 area is as follows: 

• The total heat gain for each façade (the face 
 of the building) can be calculated using the 
 following equation:

  Q = (U)(A)(CLTD)            (4-1)

where,
 
Q = Total heat gain through the façade, Btu/hr

U= Overall heat transfer coefficient of the window or 
      wall, Btu/hr-ft2-˚F

A = Total wall or window are, ft2

CLTD = Cooling Load Temperature Difference, °F

• You may find it helpful to draw a diagram of 
 the building’s orientation in order to find the 
 correct window area and CLTD for each of the 
 four facades.

North  South  West  East

15  22  30  27

31.  What is the total heat gain (in Btu/hr) through
       all windows if the building is oriented with the
       1,000 ft façade in the North/South direction?  

       a. 15,300 Btu/hr  d.  67,400 Btu/hr
       b. 33,500 Btu/hr  e. 76,900 Btu/hr
       c. 48,700 Btu/hr

32.  What is the total heat gain (in Btu/hr) through 
       all windows if the building is oriented with the 
       1,000 ft façade in the East/West direction? 

       a. 34,300 Btu/hr  d.  109,500 Btu/hr
       b. 41,400 Btu/hr  e.  128,600 Btu/hr
       c. 65,500 Btu/hr

Additional Assumptions and Givens

Determine Reduction in Heat Gain

• Replacing some of the window area with 
 exterior wall will reduce total thermal heat gain 
 to the space because of better insulation 
 (lower U value).
  
• Again ignore sun’s heat coming through the 
 windows.

• Replace 1,500 ft2 of window area on the east 
 façade for the same building as in question 
 #32 with 1,500 ft2 of exterior wall.

• The calculation is for cooling the space. Heat 
 gain is undesirable. To reduce the amount of
 energy needed to cool the building, the 
 windows could be replaced by wall.

33.  If you replace the window with the wall, by
       how much is the heat gain reduced?

       a. 14,200 Btu/hr  d. 48,500 Btu/hr
       b. 23,100 Btu/hr  e. 53,400 Btu/hr
       c. 32,300 Btu/hr
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Additional Background

Find out How Much Heating Energy and How Much 
Money are Saved with Good Quality Construction

When doors, windows, and other exterior wall ele-
ments are not tightly assembled and properly sealed, 
outside air leaks through the wall and into the interior 
space. When air leaks into the space, it must then 
be conditioned to maintain comfort in the space.  We 
usually document leakage rates associated with good, 
medium, and poor quality construction.  

Additional Assumptions and Givens

• Poor construction has an average air leakage 
 rate of 1.0 ACH.

• ACH stands for Air Changes-per-Hour. This 
 unit measures the number of air changes that 
 occur per hour.

• One Air Change  (AC)  is equal to the room air 
 volume.

 AC = length * width * height  of room

• Good construction has an average air leakage 
 rate of 0.25 ACH.

• The dining hall/auditorium space in this school 
 is approximately 15,000 ft2 with a 15-foot high 
 ceiling.

• Each cubic foot of air leaked into the building 
 during the winter season requires an average 
 of 1.2 Btu of heating energy.

• The air leakage rates listed above require 
 heating to occur for approximately 800 hours 
 per year.

• One MBtu = 106 Btu = One Million Btu

34.  Just for the auditorium, how many Btu of 
       heating energy are saved per year by using 
       good construction versus poor construction?

       a. 145 MBtu   d. 186 MBtu
       b. 154 MBtu   e. 345 MBtu
       c. 162 MBtu 
 

Additional Assumptions and Givens

• One Therm is the energy created by burning 
 100 cubic feet of natural gas.

• One Therm = 100,000 Btu

• The natural gas heating cost = $1.00 / Therm

35.   How much money is saved per year with the 
        higher quality construction?

       a. $1,450   d. $1,830
       b. $1,620   e. $1,930
       c. $1,750 

Additional Background

Calculate How Much Coal is Needed  to Cover the 
Energy Needs of the Willis/Sears Tower

The Willis Tower (previously known as the Sears 
Tower) in Chicago, was built nearly 40 years ago. 
The building’s exterior falls behind current energy and 
building standards. Because of that the energy de-
mand is astounding.

Additional Assumptions and Givens

• The building’s electric use is 19 kWh/ft2 per  
 year.

• The building operates 24 hours a day, 7 days 
 a week.

• The total building size is 4.56 million ft2.

• Efficiency of electricity from generation to
 end-use in the building is 35%.

• The energy value (or fuel content) of coal 
 power used in power plants is 10,800 Btu/lb.

• Capacity of a coal car is 80 tons per car, 
 50 cars per train.

• One ton = 2,000 lb.
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• 1 kWh = 3,415 Btu.

• Lighting power is about 25% of total electrical 
 energy use.

• Hours of natural sunlight per year: 2,512 hours 
 (assume a total of 8,760 hours in a year).

• All hours of daily natural sunlight can be
 utilized for day lighting.

36.  After calculating the number of pounds of    
       coal that are required to supply the annual 
       electrical demand of the Willis tower, calculate   
       the annual equivalent of coal trains.

       a.  2  trains of coal per year
       b.  6  trains of coal per year
       c.  7  trains of coal per year
       d. 10 trains of coal per year
       e. 15 trains of coal per year

Additional Background

We call “daylight harvesting” the use of natural light 
instead of electric lighting to provide the required light 
within a building. As natural sunlight coming through 
windows and other openings illuminates the space 
inside a building, the amount of electricity used for 
lighting can be reduced or eliminated entirely.

37.  How many coal cars can be reduced per year 
       if a daylight harvesting system (keeping lights 
       “off” during sunlight hours) is installed in the
       Willis Tower?

       a. 27 coal cars per year
       b. 35 coal cars per year
       c. 42 coal cars per year
       d. 65 coal cars per year
       e. 71 coal cars per year

Additional Assumptions and Givens

• The average home in the United States 
 consumes 8,900 kWh per year.

38.  The electrical demand of the Willis Tower is 
       equal to that of how many homes?

       a. 7,115 homes  d.  11,455 homes
       b. 8,225 homes  e.  15,595 homes
       c. 9,735 homes

Additional Background

Determine Combined Heat and Power (CHP)

The yearly US power production is over 4,060 billion 
kWh. However, due to conversion losses and inef-
ficiencies, more than two thirds of the energy is lost 
as heat. The amount of energy that is lost as heat in 
the U.S. exceeds the electrical demand of the entire 
country of Japan. A solution to this problem is the 
combination of heat and power (CHP).

 “Combined heat and power (CHP) is the process 
of generating both electricity and useful heat at the 
same time. Power plants (including those that burn 
coal, petroleum, or natural gas), and heat engines 
in general, do not convert all of their thermal energy 
into electricity. In most heat engines, a bit more than 
half is lost as excess heat. By capturing the excess 
heat that would be wasted, CHP is reaching an ef-
ficiency of up to 89%, compared with 55% for the 
best conventional plant. This means that less fuel 
needs to be consumed to produce the same amount 
of useful energy.” (http://en.wikipedia.org/wiki/Co-
generation).

Many buildings use utility electricity for the major-
ity of their processes and natural gas to fuel boilers 
that heat the building. The majority of the power in 
the country is generated through boilers (mostly 
coal, but also natural gas, oil, petroleum coke, and a 
variety of other fuels). Boilers create steam in order 
to run turbines and generators. 

Due to boiler inefficiencies, as well as transmission 
and end-use losses, much of the power generated is 
lost to the atmosphere as heat.

Distributed power generation occurs when a facil-
ity generates its own power either together with the 
utility, or separate from the utility. Generally, power 
generation comes from natural gas turbines, or other 
prime movers. However, there is inefficiency as en-
ergy is lost in the form of heat.
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39.  How can a facility that needs a large amount
       of steam for processes take advantage of a 
       combined heat and power (CHP) system?

       a.   A large facility can take the waste heat 
             generated from a steam boiler and run it 
             through a waste heat recovery device and a 
             steam turbine to generate electricity on site. 
        b.  A combined heat and power system will
             have a more efficient boiler, resulting in 
             lower electricity costs.
        c.  By converting equipment that uses process 
             steam to electrically powered ones, a large 
             facility can reduce their steam demand and 
             reduce energy costs.
        d.  By taking advantage of a combined heat 
             and power system, a large facility can 
             reduce their fuel consumption by 
             converting natural gas boilers to electric heat 
             to generate steam. 
        e.  A combined heat and power system results         
             in increased emissions and is not an 
             appropriate choice for a large facility.

Additional Background 

Determine Energy Savings Through Water 
Conservation

In the United States, the public uses 44,200 million 
gallons of water a day.  This amount of water must be 
pumped from a fresh water supply and then distrib-
uted. After this water is used, it is discharged into the 
sewer systems and pumped back to a waste water 
treatment plant, where it is treated and then returned 
to the water supply. The total energy needed to with-
draw the water, pump it to the user, and then treat 
and discharge it after it is used, is 11 kWh per 1,000 
gallons. Your team must consider ways to reduce this 
energy consumption. 

Additional Assumptions and Givens

Below are some simple ways to save water around 
the house.

• A 15-minute reduction in a daily shower time 
 can save approximately 16,500 gallons/year. 
 (Assuming a 3.0 gpm shower head).

• One gpm = one gallon per minute.

• Switching to a low-flow shower head can save 
 an additional 8,200 gallons per year. 
 (Reducing flow to 1.5 gpm).

• Turning off the water while brushing your teeth 
 can save approximately 10,900 gallons per 
 year. (Assuming brushing three times a day, 
 about 4 minutes total with 2.5 gpm sink).

• Fixing a leaking faucet can save up to 2,700 
 gallons per year. (assuming a continuous drip 
 rate of 0.005 gpm).

• All of these methods measure to a total of 
 38.300 gallons per year of savings or 421 kWh 
 per year per household. 

Additional Assumptions and Givens:

• Chicago has over 2.8 million residents within 
 the city limits and 9.8 million residents in the 
 entire metropolitan area with about 3.8 million 
 households.

• The average U.S. home consumes 8,900 kWh 
 per year.

40.  If the entire Chicago metropolitan area were to   
       reduce their water consumption using 
       the four methods described above, how
       many houses could be powered with the 
       energy saved through water conservation? 
       
       a.  60,000  houses
       b.  80,000  houses
       c. 134,000 houses
       d. 156,000 houses
       e. 118,000 houses
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Solar Cell Devices and Optoelectronics

 

scenario # 5          9/10 Level

Submitted by Joseph Morris, Research Associate, and Dr. Wojciech M. 
Jadwisienczak, Assistant Professor, Ohio University, Athens Ohio

Introduction 

With the current and continuous rise in energy costs, 
engineers are under greater and greater pressure to 
develop newer renewable sources of energy.  For-
tunately, one of the most promising energy sources 
already shines down on Earth every single day. 
Electrical, industrial, manufacturing, chemical, envi-
ronmental, and mechanical engineers design devices 
to harvest energy from the sunlight. The Sun is the 
most abundant source of energy that interacts with 
the Earth. Engineers have created solar cell devices 
that convert the Sun’s radiated energy into electric 
energy without creating any environmentally harmful 
emissions. 

This scenario demonstrates the role that engineers 
play in the design of solar cells. Solar cells can run 
anything from a solar cell calculator or a solar cell 
water heater to a solar cell farm that can supply the 
electricity needs of a small village.  

At any given time the amount of harvestable energy 
striking the earth is roughly 200 Watts per square me-
ter (W/m2 ). We call this “power density”.   Harnessing 
even a fraction of that energy is a good solution to the 
problem of exhausting limited sources of energy on 
earth.  

Solar cells, apart from the cost of installation, have 
no running costs; once the system is installed energy 
harvesting is free.  They are reliable, low mainte-
nance, and the use of emits no environmentally harm-
ful pollutants.  This makes them an excellent choice 
for many residential and commercial applications.

Solar cells are one part of our energy solution. An-
other part is increasing the efficiency of electrical 
devices, such as light bulbs, so that we require less 
energy.

Light Emitting Diodes (LEDs) are efficient light-emit-

ting and environmental friendly components. While 
traditional light bulbs convert 90% or more of the 
energy supplied to them into heat, inexpensive com-
mercial LED lights convert only about 60-70% of their 
energy into heat.  LEDs used in traffic lights lose even 
less energy as heat.

The U.S. Department of Energy estimates that the 
fast replacement of traditional illumination devices 
(light bulbs) with LEDs will reduce needed power by 
33%. At the same time, the new devices, will eliminate 
258 million tons of carbon emissions, and allow us to 
avoid building 40 new power plants.  

Your team has been hired to investigate ways to use 
solar cell devices to create energy. You are also ex-
pected to study the latest solid state lighting technolo-
gy and promote it as the most environmentally friendly 
and most energy efficient form of illumination.
 
Background

Select Material for Solar Cell Design Appropriate for 
Optimal Light Absorption
Solar cells convert the sun’s radiated energy into 
electric energy. When light in the form of photons (the 
basic unit of light) from the sun’s radiation hits a solar 
cell, its energy causes some electrons to flow produc-
ing electric energy we can use. Solar cell applications 
vary significantly from a solar cell calculator using only 
a few milli-Watts of power to a large power plant gen-
erating Mega-Watts of power. (http://science.howstuff-
works.com/environmental/energy/solar-cell3.htm).

Let us introduce the concept of “wavelength” as we 
will need it to understand Figure 5-2. The wavelength 
of visible light is measured in nano-meters (10-9 m) 
and is symbolized by the Greek letter lambda (λ). The 
wavelength of a periodic waveform is the width of the 
part of the wave that repeats itself. 

All sources were accessed on November 2010.
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But when electrons are in the conduction band, it 
means they are free to move within the material.  
Exposure to sunlight will help electrons jump from the 
lower (valence) to the upper (conduction) band.

The band gap energy is exactly that amount of en-
ergy required for an electron residing in the valence 
band to jump into the conduction band. This band gap 
energy is measured in electron-volts (eV).  Table 5-1 
lists the band gap energy (Eg) measured in eV (elec-
tron-volts) for several materials. 

Figure 5-3. The Band gap of the electron energy. 
Source:  www.websters-online-dictionary.org

  Table 5-1. Semiconductor materials listed in 
ascending band gap energy values.

Figure 5-1. The wavelength of any sinusoidal
 (periodic) waveform.

Source: www.wrh.noaa.gov/sew/FAQs/EG-AFD_
FAQs.php

Figure 5-2. The spectrum of the solar energy 
represented as Spectral Intensity (Iλ).

Figure 5-2 shows, on its vertical axis, the spectral 
intensity of a star similar to our sun, and on its hori-
zontal axis the wavelength of the light emitted from it. 
There are three distinct lines depicted on the graph. 
We will only concentrate on the outside one. It rep-
resents the intensity of the radiation emitted directly 
from the sun, which resembles the radiation of a black 
body at temperature of 6,000 degrees Kelvin. 

The horizontal axis units are in micro-meters.
One micro-meter equals 10-6  m. The material of a 
solar cell is characterized by its band gap energy 
value (Eg). This value describes the width of a gap 
that separates two distinct energy bands of electron 
positions (the conduction band and the valence band) 
(see Figure 5-3). Electrons in a solar cell can exist in 
either one of those two bands. When electrons are in 
the valence band, it means that they are bound to an 
individual atom and they cannot move around. 

 
 MATERIAL  Eg  (eV)

Si-Silicon   1.11
 
GaAs-Gallium Arsenide 1.43

GaP-Gallium Phosphide 2.26

ZnSe-Zinc Selenide  2.70

GaN-Gallium Nitride  3.44
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From Figure 5-2, we can locate the peak solar spec-
tral intensity of the star.  Using the graph we will be 
able to determine which material would be ideal for 
capturing the maximum amount of solar energy from 
the Sun. To answer question #41, we will need to 
combine information from Figure 5-2 with information 
from Table 5-1.

Assumptions and Givens

• The band gap energy is related to the 
 wavelength of the radiation and the speed 
 of light:

             (5-1)

        
where,

h  =plank’s constant     = 4.136x10-15 eV

λ = wavelength, m

E = Eg = band gap energy, eV

    in air v≈c

c  =speed of light          =3.00x108

• Power density is defined as the power per unit 
 of area.

  PD =             (5-2)

where,

PD = Power Density, W/m2

P = Power, W

A = Area, m2

• Power is defined as energy per unit of time

  P =            (5-3)

where,

P = Power, W

W = Energy, Wh

t = Time, h

41.  Which type of material would be ideal for 
       absorbing the most power from the Sun?

       a.   Si (Silicon)   
       b.   GaAs (Gallium Arsenide)
       c.   GaP (Gallium Phosphide)
       d.   ZnSe (Zinc Selenide) 
       e.   GaN (Galium Nitride)  

Additional Assumptions and Givens
 
Calculate the total Power Generated from a Solar Cell 
Farm

• Solar cell efficiency is defined as the 
 fraction of the energy of the incident light that 
 the cell is capable of converting into electrical 
 energy.

• Solar cell efficiency is defined as either the 
 ratio of output-to-input energy or the ratio of 
 the output-to-input power.

 Eff(%) = (100)     (5-4)

 Eff(%) = (100)     (5-5)

where,

Eff = Solar Cell Efficiency, (%)

Win = Input Solar Energy, Wh

Wout = Output Eectric Energy, Wh

Pout = Output Electric Power, W

Pin = Input Solar Power, W

• The efficiency of a particular solar cell is   
 stated to be 23%. This means that only 23% 
 of the input power or energy is converted into 
 output power or energy. 

• Assume  200  W/m2  of solar power 
 strikes Earth’s surface at any given
 time. 
 
• Assume a small solar cell farm with 55 
 square meters of solar panels.

λ=	 hv
E

P
A

W
t

m
s

Wout
Win

Pout
Pin
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Figure 5-4. A small solar cell farm. 
Source: www.linvents.com/03_solar_fuel_produc-

er/Images_Solar_Tech/Solar_Technologies_Re-
view.htm

42.  How much power (in Watts) can be generated 
       from this small solar cell farm?

       a. 15 W   d.  47,826 W
       b. 478 W   e.  253,000 W
       c. 2,530 W 
 
Additional Background 

Make Sure Your Solar Cell Choice Has an Acceptable 
Fill Factor

The Fill Factor (FF) is a very important figure in the 
design of solar cell devices.  The closer to the theo-
retical characteristics a real cell gets, the closer the fill 
factor gets to 1 or 100%. Typical fill factors for solar 
cells come in the range of 70-85%. The formula to 
calculate the fill factor (FF) is given below. 

 FF=                       (5-6)  

where,

FF = Fill Factor, unitless

Poutmax = Maximum power outputl, W

Isc  =  Short Circuit Current, A

Voc   = Open Circuit Voltage, V

Additional Assumptions and Givens

• Pmaxout =6.064 mW. 

• Isc=15.3 mA. 

• Voc=0.48 V  

43.  What is the fill factor of this particular solar 
       cell device at room temperature? 

       a. 0.11   d.  0.65
       b. 0.45   e.  0.82
       c. 0.54

Additional Assumptions and Givens

Calculate Time Needed to Financially Absorb Initial 
Solar Cell Investment 

• Morris Industries a local company that 
 manufactures shoes uses 977 MWh of 
 electric energy per year.  

• The engineers in that company are 
 considering the advantages of switching to
 solar cells.

• They were able to locate 10% efficient solar 
 cells at a cost of $100 per square meter. 

• Currently Morris Industries pays 12¢ per 
 every kWh of electricity.  

44.  How many years will it take for the 
       company to earn back the initial 
       investment of the solar cells?

       a. 3.5 years  d.  8 years
       b.  4 years  e. 10.5 years
       c.  5 years

Additional Assumptions and Givens 

Calculate the Efficiency of a Solar Cell

• A solar cell system is installed at the roof of  
 a residence covering an area of 2 m2 .

• The cell is expected to support five 
 electronic appliances in the residence, each 
 working with 120 Volts from the wall
 eletric outlets.

Pout max

Isc Voc
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• Each load is running an electric current of 
 20 mA.

• At the same time, the solar cell is also 
 charging a laptop battery with a capacity of  
 200 Wh (Watt hours).

• It usually takes four hours to charge the 
 battery.

Figure 5-5. Smart ways to charge your laptop bat-
tery with solar energy.

45.  What is the efficiency of the solar cell?

       a. 8.6%   d.  15.5 %
       b. 10.3%   e.  18.6%
       c. 13.5% 

Additional Assumptions and Givens

Calculate the Total Area of Solar Cells Required to 
Support an Entire Village

• For applications where more power is needed, 
 better solar cells must be considered.

• Multi junction solar cells have better 
 efficiencies than normal solar cells.

• Assume 31 days per month.

• A series of multi junction solar cells with 
 efficiency of 34% is chosen to power the 
 village of Williamsport.  A multi junction solar 
 cell is a more expensive device but it has a 
 higher efficiency.

• Solar Power Density =  200 W/m2 

• Williamsport has 1,000 residents with an
  average of 4 people living in a house and with 
 an energy usage distribution as shown in 
 Table 5-2.  

• We will need to calculate the average daily 
 needs of the entire village. For this, we will 
 need to calculate a weighted average of four 
 values (A1, A2, A3, A4) with corresponding 
 weights of (w1, w2, w3, and w4). For this we 
 could use the following formula:

 Weighted Average = 
 (w1%)(A1)+(w2%)(A2)+(w3%)(A3)+(w4%)(A4)

 
Table 5-2. Monthly energy consumption (in MWh) 

distributed over the entire village population. 

46.  What area of solar cells would be required to 
       power the average consumption of the entire   
       village?

       a.  80m x 80m  d.  185m x 185m
       b.  95m x 95m  e.  265m x 265m
       c. 145m x 145m
 
Additional Background

Choose the Proper LED for the Proper Color
Application 

Your plan is to build a stoplight that will be powered by 
a solar cell. Your first concern is to choose the proper 
LEDs to produce the three colors (Red, Green and 
Yellow) that are needed for the stoplight. 

Percent of 
Houses

10%
20%
30%
40%

Monthly Energy
Consumption per 

house (MWh)

1.8
0.8
1.6
1.2
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You need to find out which material produces each 
color. For simplicity you can perform the calculations 
on finding the material that will produce the green 
light. In Table 5-3 several colors are represented 
along with their wavelengths measured in nanometers 
(nm).  One nanometer = 10-9 m.

Table 5-3. Wavelength ranges for various colors.

47.  What material will be needed for the green 
       color LED?

       a. Si (Silicon)
       b. GaAs (Gallium Arsenide)
       c. GaP (Gallium Phosphide)
       d. ZnSe (Zinc Selenide) 
       e. GaN (Galium Nitride) 

Additional Background

Calculate the Number of LEDs Needed to Replace 
Old Stoplight Components

There are many different ways to measure light and 
its intensity, and each technique, uses a different unit. 
We will introduce two of these units: the Candela and 
the Lumen.

Candela (cd), a unit which has its origin at the bright-
ness of a candle, is a unit that measures the amount 
of light (intensity, brightness) emitted by a light source 
in the range of a three-dimensional angular span 
around the source. 

A lumen (lm) measures the total luminous flux of a 
light source. It is calculated by multiplying the light 
intensity (in candela) by the angular span over which 
the light is emitted. 

The light intensity reaching the human eye is not the 
entire light produced by the LED. This is because only 
a small proportion escapes from the encapsulating 
LED cone.

To calculate the equivalent total light intensity (in lu-
men) that reaches the human eye from an LED that 
produces light measured in candelas, we can use the 
following relationship: 

 Φv=2πIv (1-cos      )              (5-9)

where, 

Φv = Light intensity reaching the human eye,Lumens

Iv = Light intensity produced at the Source LED,
     Candelas

α = 2θ = apex angle
 
The apex angle is explained as follows: If we measure 
the angle between the axis where the light gives its 
highest intensity and the axis where the intensity is 
reduced to 50%, then this angle (θ) equals half the 
apex angle (see Figure 5-8).

α
2

 COLOR  λ  (nm)
 
 Blue   450-495
 
 Green   495-570

 Yellow   570-590

 Orange  590-620

 Red   620-750
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Figure 5-7. Apex angle of an LED light. 
Source: www.compuphase.com/electronics/can-

dela_lumen.htm

The small town of Mt. Sterling wants to reduce its 
energy comsumption. The town plans to replace its 
existing stoplights with efficient LED stoplights.  The 
people from the town have contracted your team to 
build a stoplight out of commercial LEDs.

Additional Assumptions and Givens

• The red component of the old traffic lights 
 emits 20 lumens.  

• Each LED emits 200 mcd (milli candelas).

• The LEDs used have an apex angle of 120 
 degrees. 

Figure 5-8. LED-based traffic signal light. 
Source: www.traffictechnologytoday.com/news.

php?NewsID=15136

 

48.  How many LEDs would be needed to light the  
       red component of the LED stoplight with the  
       same amount of brightness as the red 
       component of the old stoplight?

       a. 34   d. 173 
       b. 52   e. 184 
       c. 89  
  
Additional Background

Calculate the Amount of Conventional Power Needed 
to Run the New LED-based Stoplight

• Each LED needs a voltage of 1.7 V and a 
 current of 20 mA to operate.  

• Only one of the three components will be 
 running at a given time.

• Power (Watt) =
 Voltage (Volt) x Current (Ampere).

49.  How much power is needed to run the new   
       stop light at any given time?

       a.  34 mW   d.  2.01 W
       b.  978 mW  e.  3.10 W
       c.  1.42 W 
 
Additional Assumptions and Givens 

Use Solar Energy to Power all Village Traffic Lights

• Mt. Sterling wants to power the new stoplights 
 with solar panels. 

• The solar cells work at a 20% efficiency rating.  

• Mt. Sterling has an intersection that needs 
 eight stoplights.

• Solar Power Density = 200W
m2
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Figure 5-9. Solar-powered stoplights. 
Source: www.chinatopsupplier.com

50.  How large of an area (in m2) of a solar cell 
       device would be required to power all of Mt. 
       Sterling’s new stoplights at any given time?

       a. 0.6 m2   d. 1.25 m2

       b. 0.75 m2   e. 1.5 m2

       c. 1 m2 
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Oil Algae Production Engineering

 

scenario # 6          9/10 Level

Submitted by James Goble, MSEE, Ohio University, Athens, Ohio

Introduction 

In many parts of the world, large blooms of algae are 
a nuisance at best and an environmental disaster at 
worst.  However, as it turns out chemical, agricultural, 
environmental, mechanical and industrial engineers 
have found ways to turn algae into a biofuel.

Today, oil produced from oil-wells is the life-blood of 
the world economy.  It has been for nearly a century.  
Unfortunately, oil is a fossil fuel, and like all fossil fu-
els, it is a finite source.  Some estimates indicate that 
oil well production will peak as soon as 2014.  From 
the peak point onward, the supply will begin shrinking 
until it disappears completely.  With no reliable source 
for oil, the world’s economies will have to change radi-
cally.

Unless new sources of energy will be found, global 
economies will be forced to stagnate (be idle) at or 
below current levels. Engineers are hard at work 
trying to develop a plant-based solution to the loom-
ing global oil crisis.  Currently, corn and sugar beets 
dominate most crop-based energy products.  How-
ever these are inefficient and expensive alternatives.

Engineers looking for a new alternative are turning to 
algaculture, the process of farming algae. Some of the 
characteristics that make algal fuels attractive include:

• their independence of freshwater

• their inability to pollute the environment if   
 spilled

Your consulting team has been hired by an alternative 
energy company based on oil algae.  You have been 
asked to examine the ability of oil algae to produce 
energy, reduce carbon emissions and absorb waste. 
You will be responsible for examining production 

alternatives and recommending the best option for oil 
production that also reduces carbon emissions and 
protects the environment.

Figure 6-1.  A future Algae zero-emission 
production farm surrounding a carbon input plant 
and a biomass conversion plant. This integrated 
operation as envisioned converts coal into fuel, 

food, electricity and fertilizer.
 Source: www.algaeatwork.com

All sources were accessed on November 2010.
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Assumptions and Givens

Determine Area of Crop Land Needed to Cover 
Transportation Needs 

• Currently, the United States has about 406.5
  million acres of crop land.

• To replace all current transportation fuels in 
 the U. S. would require approximately 140 
 billion gallons of BioFuel per year.

• Corn produces 15 gallons of oil per year per 
 acre.

• Soybeans produce 48 gallons of oil per year 
 per acre.

• Oil algae can produce 15,000 gallons of oil per
  year per acre.

• Assume we can convert all of the oil into 
 usable fuel.

51.  How many acres of corn are required to meet   
       U.S. annual transportation needs?

       a.     9.3 billion acres of corn
       b.   18.2 billion acres of corn
       c.   35.6 billion acres of corn
       d.   93.5 billion acres of corn
       e. 180.6 billion acres of corn

Figure 6-2. Vertical Algae Farming.

52.  How many acres of oil algae are required to     
       meet U.S. annual transportation needs?

       a. 6.5 million acres of algae
       b. 7.8 million acres of algae
       c. 9.3 million acres of algae
       d. 17.6 million acres of algae
       e. 34.7 million acres of algae

Additional Background

Determine Energy Produced by a Coal-fired Plant

• The United States produces annually close to 
 4.2 billion Mega Watt hours (MWh) of electric 
 energy from all sources including coal-fired 
 plants.
 
• Coal-fired plants accounted for 48.2% of the 
 electricity produced in the U.S.  

• There were 645 coal-fired plants in the U.S. 

Additional Assumptions and Givens

• Researchers have developed a system that 
 uses natural algae to scrub the carbon 
 emissions from coal-fired electrical plants. This 
 system is called a bioreactor.  

• It is hoped that a test system capable of 
 removing the entire amount of CO2 produced 
 by a 10-MW plant, will go on-line soon. 

• Assume that the plant operates 24-hours a 
 day, 365 days a year.

• Energy = (Power)(Time)

53.  What is the amount of energy (in MWh) 
       produced by the plant within a year?

       a.   3,650 MWh  d. 156,700 MWh
       b. 49,500 MWh  e. 180,300 MWh
       c. 87,600 MWh
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Additional Assumptions and Givens

Determine Number of Screens Required to grow 
Algae

• The test system described in question #53 
 grows algae on 60-cm by 120-cm screens. 

• The system will use a total of 1.25 million 
 square meters of algae screens. 

•  1 m = 100 cm.

54.  What is the total number of screens required 
       to grow algae for the test system?

       a. 1,500,000 screens
       b. 1,736,000 screens
       c. 2,512,000 screens
       d. 3,472,000 screens
       e. 4,890,000 screens

55.  How many test systems would be necessary 
       to scrub the carbon emissions from all of the 
       coal-fired electrical plants in the U.S.?

       a.  7,000 test systems
       b. 18,000 test systems
       c. 23,000 test systems
       d. 35,000 test systems
       e. 47,000 test systems

Additional Assumptions and Givens

Testing an Algae Carbon Dioxide Scrubbing System 

• GreenFuel Technologies is testing an algae-
 based carbon dioxide scrubbing system on a 
 1,000-MW power plant that can reduce carbon 
 dioxide emissions by 40% and nitrous oxide 
 emissions by 86%.  

• The system is also capable of producing 50 
 million gallons of ethanol and 40 million 
 gallons of biodiesel per year. 

• Each system would require approximately 
 2,000 acres of algae tubes near the power 
 plant.

• Assume we use only the biodiesel for 
 transportation.

56.  How many of these scrubbing systems are 
       required to meet all U.S. transportation 
       demands every year?

       a. 2,800 systems  d.  5,600 systems
       b. 3,100 systems  e.  6,700 systems
       c.  3,500 systems
   

57.  How much land in acres will be necessary to 
       house the algal tubes for all these scrubbing 
       systems?

       a. 7,000,000 acres d.  9,200,000 acres
       b. 5,600,000 acres e.  17,000,0000 acres
       c. 8,400,000 acres

Additional Assumptions and Givens

Study the Use of Butanol as a Car Fuel

• Algae can help us create butanol, a type of   
 alcohol that can be used as fuel.

• Butanol can be used in internal combustion 
 engines (like the ones used in most cars 
 today) designed for gasoline use without having 
 to make changes to the engines. 

• Butanol can be produced using a combination 
 of algae and carbon dioxide.  

• A two-acre algae farm is capable of producing 
 6.6  million gallons of butanol per year.  

• In addition to producing butanol, 11,680 tons 
 of organic residue is produced per year.  This 
 residue contains 58% of the carbon used to 
 produce the algae. 

• This entire operation has great potential to 
 be used as a carbon dioxide scrubber as 
 well.  If we combine the butanol farm with a 
 coal-fired electrical plant we can produce fuel 
 for cars and at the same time reduce carbon 
 emissions far beyond the requirements 
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 outlined by the Kyoto Accord - a greenhouse 
 gas emission reduction of 6% in Canada and 
 5% in the USA.

•  Nearly 1.8 billion tons of carbon dioxide are 
 released by U.S. coal-fired plants per year. 

• Each two-acre butanol farm is capable of 
 using 19,710 tons of CO2 per year.

58.  How many acres of butanol farms would be 
       needed to scrub all coal-fired electrical plants 
       in the U.S.?

       a. 91,300   d.  361,200
       b. 182,600  e.  435,500
       c. 248,000

59.  What is the average size fuel farm necessary  
       to scrub each of the 645 coal-fired electric 
       plants in the U.S.?

       a. 285 acres  d.  4,200 acres
       b. 570 acres  e.  7,500 acres
       c. 1,120 acres  

Additional Assumptions and Givens

Determine Amount of Possible Butanol Production 

• Assume 400,000 acres of butanol farms are 
 built throughout the U.S.

60.  What is the gross annual amount of butanol 
       produced from all farms?

       a. 350 billion gallons
       b. 470 billion gallons
       c. 860 billion gallons
       d. 1,120 billion gallons
       e. 1,320 billion gallons
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Energy Efficiency at Home 

 

scenario # 7          9/10 Level

Submitted by Susan E. Powers and Jan DeWaters, Clarkson University, 
Potsdam NY

Introduction 

Civil, electrical, chemical, mechanical and HVAC en-
gineers design equipment and derive ways to reduce 
household energy consumption and improve its ef-
ficiency.

Efforts to reduce energy consumption at home will 
directly and significantly reduce our dependence on 
non-renewable fossil fuel resources. This will also 
reduce the emission of greenhouse gases and other 
air pollutants to the environment that affect human 
health. 

Though we can conserve energy by changing our ac-
tions (for example: turning off all lights and unplugging 
televisions when not in use), other options exist that 
can result in decreased energy usage.  One of those 
options could be the development of modern technol-
ogies that demand less energy in the first place. For 
example, fluorescent light bulbs provide the benefits 
of electric lighting, but consume only a fraction of the 
electric energy that comparable incandescent light 
bulbs use. 

Some of the ways that you can increase the efficiency 
of the energy at home include:

• Use insulation and air sealing techniques to 
 reduce your home’s heating and cooling costs.

• Replace old appliances (e.g., refrigerators, 
 water heaters) with new models that meet 
 current federal guidelines for energy efficiency.

• Replace incandescent lighting with compact 
 fluorescent or LED lighting systems.

• Use power strips to turn computers, TVs etc. 
 off when not in use to reduce phantom loads 
 (standby power). Standby power refers to 

 energy consumed by electronic appliances 
 while they are switched off.

Your consulting team has been asked to find and 
recommend ways to increase the energy efficiency of 
a current home.  

A home that meets U.S. Energy Star™ guidelines can 
save 30% per year in energy consumption and over 
$500 in energy costs. Energy Star is an international 
standard for energy efficient consumer products. 
Devices carrying the Energy Star logo, generally use 
20%–30% less energy than required by federal stan-
dards.   (http://en.wikipedia.org/wiki/Energy_Star)

Background

Determine Ways to Reduce Household Energy 
Consumption 

Households in the United States each consume 
nearly 100 million Btu1 of energy annually.  As shown 
in Figure 7-1, this energy use includes home heating 
and cooling, refrigerators and other appliances and 
lighting. Space and water heating are often accom-
plished by directly burning fossil fuels (natural gas or 
oil) in the home.  The other energy uses are typically 
supplied by electricity.

1The British Thermal Unit (BTU or Btu) is used to 
measure the heat value of fuels. One Btu is the 
amount of heat required to raise the temperature of 
one pound of liquid water by one degree Fahrenheit 
at a constant pressure of one atmosphere which is 
the standard air pressure at sea level. To better un-
derstand this unit, consider one Btu as being equal to 
the amount of heat produced by burning one wooden 
match.

All sources were accessed on November 2010.
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Figure 7-1. U.S. average use of energy in a household (2001).  The numbers represent million Btus of 
energy used by an average U.S. household for each of the types of uses. (Source: www.eia.doe.gov/

pub/consumption/residential/2001ce_tables/enduse_consump2001.pdf) 
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61.   Assume a family fits the characteristics 
       of a typical U.S. home as shown on Figure 7-1, 
       and they choose to reduce their household 
       energy consumption. What action do you 
       think would be most beneficial?

       a. buy a new high efficiency EnergyStar™ 
            refrigerator
       b. replace your air conditioner with electric fans
       c. insulate your attic
       d. turn off lights when not in use
       e. stop taking showers

Additional Background

Determine Currently Used Electric Energy and
Savings if Switching Light Bulbs

Changing light bulbs is often an easy way for most 
U.S. households to reduce energy consumption and 
lower electricity bills.  During the last decade, many 
families have been switching from incandescent 
lighting to compact fluorescent lighting (CFLs).  Due 
to further advances engineers have made in lighting 
systems, light emitting diode (LED) bulbs are now 
available and prices are starting to drop. Table 7-1 
presents the current lighting needs for a typical fam-
ily.  Table 7-2 presents information about new lighting 
options. 

Room  #       # CFLs  avg   
  incandescent     hours per  
      day on*
Kitchen
Area  4  2  5
Bath
rooms  6  0  2
Living room 3  2  4
Dining room 5  0  2
Office  3  0  3

TOTAL  21  4 
* averaged over entire year

Table 7-1. Characteristics of lighting 
use in a typical home.

Assumptions and Givens

• Electricity costs $0.10/kWh. This means 
 10 cents for every kWh of electric energy
 consumed. 

• The kWh is the unit of energy used by electric 
 utility companies in the electric bills to charge 
 consumers. 

• A 100-Watt light bulb operated for 180 hours a 
 month, consumes 18 kWh. 

• The current incandescent and CFLs in the 
 house (Table 7-1) were purchased recently.

• The light bulbs achieve all of their product 
 specifications as shown in Table 7-2.
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Type of Bulb Incandescent bulbs Compact fluorescent 
light bulbs (CFLs)

Light Emitting Diode 
(LED)

Power required (W) 60 13 7
Rated lifetime (h) 5,000 12,000 50,000
Price per bulb $0.50 $3.00 $35.00
Comments Being phased out by fed-

eral legislation, starting 
with 100-watt bulbs which 
can no longer be sold after 
January 2012 and ending 
with 40-watt bulbs in Janu-
ary 2014.

Requires special 
bulb recycling to 
collect and contain 
mercury (Hg)

No Hg

Still expensive

Table 7-2. Specifications for lighting options that are currently available 
(Source: http://www.1000bulbs.com/  October 2010 prices)

62.  How much electric energy is used per year in 
       a U.S. household that uses only traditional 
       incandescent bulbs ?

       a. 1.3 kW/y  d. 1,380 kWh/y
       b. 4.0 kWh/y  e. 1,465 kWh/y
       c. 1,312 kW/y

63.  What is the total cost savings over the next 
       5 years associated with switching from the 
       current incandescent lighting in the house to 
       all CFLs? (Include the cost of the bulbs and 
       consider their life time).

       a. $108   d  $482
       b. $255   e. $540
       c. $467

64.  What is the total cost savings over the next 
       5 years associated with immediately 
       switching from the current lighting in the 
       house to LEDs? (Include the cost of the 
       bulbs and consider their lifetime).        

       a. -$629   d.  $261
       b. -$241   e.  $629
       c. -$256

Additional Background

Determine Energy Consumed and Saved at the Water 
Heater

Figure 7-2 shows all the steps involved in the flow of 
energy covering the generation of electricity from coal, 
starting at a coal mine and ending as electricity at the 
consumer.

In the figure we assume that for every 100 MJ of 
energy in coal that is mined, only 25 MJ of electricity 
are generated for the consumer to use.  In this case, 
the coal is considered the primary energy source and 
electricity is just an energy carrier.  

In contrast, the natural gas extraction and distribution 
process is more efficient in terms of getting that fuel 
out of the ground and to the consumer.

• A natural gas water heater is 70% efficient. 
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• In contrast, electric water heaters are 
 advertised as 90% efficient.  

• The amount of heat (Q) that is required to 
 raise the temperature of water is given by the 
 following formula:

 Q = (m)(c)(Temperature Change)         (7-1)

where, 

 m = mass of water (in g)

Temperature Change = Hot minus Cold (in degrees 
Celsius)
 
c = the specific heat of water = 4.186 J/g oC

• The specific heat is the amount of heat  
 needed to raise the temperature of one gram 
 of water by one degree Celsius. 

• One MJ = 106  Joules

• One Joule is a unit of energy. More specifically 
 one Joule is equivalent to the work that is 
 produced when a force of one Newton is 
 applied through a distance of one meter.

• In everyday life, one Joule is equivalent to the 
 amount of energy required to lift a small apple 
 one meter straight up. ( http://en.wikipedia.org/
 wiki/Joule)

Additional Assumptions and Givens

• The home in the study is located in the
 Midwest, where a majority of the electric 
 power is generated at coal-fired power plants.
 
• Assume 100% of the electricity is from 
 coal-fired power plants.

• 100 MJ of coal in the ground can be extracted, 

 processed, converted into electricity and 
 distributed as 25 MJ of electric energy to 
 customers. 

• 100 MJ of natural gas in the ground can be 
 extracted, processed and piped to customers, 
 as 71 MJ of energy.

• In the home, a natural gas water heater is 70% 
 efficient

• An electric water heater is 90% efficient.

• The family consumes 100 gallons of hot water 
 per day which is equivalent to 378 L/d.  

• The water enters the water heater at an 
 average of 40 °F (4.4 °C) and is heated to 
 120°F (48.9 °C).

• The density of water is 1.0 g/mL.

• Knowledge of density helps convert 
 volume into mass and vice-versa.

• Density = Mass / Volume 

• Percent Savings (%) = 

            (100)

65.  What is the annual electric energy input 
       (in MJ/y) to an electric water heater that is 
       required to heat water for the family? 
       (Hint: The efficiency of the equipment must 
       be considered in your calculations). 

       a. 2.17 x 102 MJ/y d.  1.14 x 105 MJ/y
       b. 6.41 x 102 MJ/y e.  2.57 x 1010 MJ/y
       c. 2.86 x 104 MJ/y

Figure 7-2. Lifecycle processing of coal into electricity. 100 MJ chemical energy in coal at left is con-
verted to 25 MJ electric energy for use by a consumer at right. 

Extraction
coal

Processing Transportation
Conversion
 electricity transmission

use

100MJ 80 MJ 73.6 MJ 72MJ 27 MJ            25 MJ

[OLD VALUE - NEW VALUE]
OLD VALUE
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66.  If the family switches from an electric water
       heater to a natural gas water heater, how 
       much primary energy (fossil fuel from ground) 
       would be saved each year (as a percentage)?

       a. -48.2%   d.   61.5%
       b. -28.6%   e.   72.8%
       c.  54.6%

Additional Background

Find the Proper Material to Improve Home Insulation

It is known that heat rises to higher spaces.  This can 
result in heat loss through an attic roof. Most older 
homes do not have adequate insulation in the attic. 
Adding additional insulation can increase the heating 
efficiency of the home. 

Insulation is rated with an “R-value,” which is a mea-
sure of the thermal resistance of the material.  In the 
U.S., R-values for insulation are presented in units of:

  ( ft2)(°F)(h) / (BTU) 
 
R-values on the order of R-50 to R-60 are often rec-
ommended in geographic areas that require signifi-
cant heating.  The R-value of insulation depends on 
the type and thickness of the insulation material. 
 
The per-inch R-values are represented in units of:

  (ft2)(°F)(h) / (BTU)(in)

Table 7-3 provides some typical per-inch R-values for 
various materials. The total heat loss for a period of 
time from an attic can be determined from:

• the insulation R-value. 

• the attic floor (or roof) area. 

• the thickness of the insulation.

• the difference in temperature between inside 
 and outside the house.  

For insulation systems with multiple layers,
the R-values can be added.

• The R-value and the R-value per inch are 
 related as follows:

R-Value = 
  [per-inch R-value][thickness of insulation in inches]

Table 7-3. Typical per-inch R-values for
 various materials.

Additional Assumptions and Givens

• A home has an attic floor area of 1,000 ft2. 

• Currently the home has 4 inches of 
 loose-fill cellulose with an R-value of 3.0 per 
 inch of insulation.

• There is room in the attic for an additional 
 6 inches of insulation.

• The house is in the northern latitudes of the 
 United States.

• The average January temperature is 20 °F.

• Desired Per-Inch R-Value =

Material
Per Inch R-value

(ft2)(°F)(h)/(BTU)(in)
Vacuum insulated panel R-30 to R-50
Polyurethane rigid panel R-6.8
Closed-cell polyurethane spray 
foam R-5.5 to R-6.5

Urea foam R-5.25
Extruded expanded polystyrene 
(XPS) high-density R-5 to R-5.4

Polystyrene board R-5.00
Phenolic rigid panel R-4 to R-5
Urea-formaldehyde foam R-4 to R-4.6
High-density fiberglass batts R-3.6 to R-5
Extruded expanded polystyrene 
(XPS) low-density R-3.6 to R-4.7

Fiberglass batts R-3.1 to R-4.3
Cotton batts (Blue Jean insulation) R-3.7
Cardboard R-3 to R-4
Cellulose loose-fill R-3 to R-3.8
Perlite loose-fill R-2.7
Vermiculite R-2.13

[(Goal R-Value)-(Current R-Value)]
[Insulation thickness in inches]
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• Heat Loss = 1 / R-value

67.  What type of insulation could be considered 
       to increase the R-value of the attic to R-50?

       a. Polyurethane rigid panel 
       b. Urea foam
       c. Polystyrene board
       d. Phenolic rigid panel
       e. Urea-formaldehyde foam

68.  If insulation is added to meet the desired 
       R-50 value, what percent of the January heat 
       loss can be reduced relative to the current
       heat losses?
       
       a. 62%   d.  80%
       b. 70%   e.  117%
       c. 76%

Additional Background

Determine Savings if Phantom Loads of Electronic 
Devices are Eliminated

Most modern electronic devices are designed for the 
convenience of the consumer.  They remained con-
nected to the energy source so they can switch “on” 
quickly upon demand.  In order to do this, 
appliances that are plugged-in still consume electric 
energy even when they are in their “off” position.  The 
power consumption of appliances that are “off” is 
called a vampire or phantom load. These electric-
ity demands increase the energy consumption and 
electricity bills of a household.  Table 7-4 defines the 
power demands of a few typical appliances while they 
are “on” and “off.”

Table 7-4. Typical power demands of 
household appliances.

Additional Assumptions and Givens

• A house has one desktop personal 
 computer (PC) and one TV set, meeting the 
 time and power requirements outlined in Table 
 7-4.

69.  What percentage of the total electricity 
       used by the TV and desktop personal 
       computer (PC) would be saved if they were 
       unplugged or a power strip was used to turn 
       them completely off when not in use?

       a. 0%   d.  31%
       b. 3%   e.  42%
       c. 28%

70.  Relative to the household’s current electric 
       energy use for a desktop personal computer 
       (PC), how much electricity (%) would be saved 
       during their “on” position  if the PC was 
       replaced with a laptop?  (Do not include the 
       TV set in these calculations).
       
       a. 9%   d.  88%
       b. 12%   e.  90%
       c. 50%

Appliance Hours 
“on” /
week

Power 
consumed 
when “on” 

(W)

Power 
consumed 
when “off” 

(W)
Television 
(19”) 15.0 100 4

Personal 
computer 20.0 200 10

Laptop 20.0 25 1
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Sustainable Transportation Fuels

 

scenario # 8          9/10 Level

Submitted by Susan E. Powers and Jan DeWaters, Clarkson University, 
Potsdam NY

Introduction 

Countries all around the globe rely heavily on fossil 
fuels to power their automobiles.  Unfortunately, fos-
sil fuels are a nonrenewable energy resource, which 
means their reserves are finite.  Fossil fuels are prob-
lematic not only because their availability is increas-
ingly limited, but also because their burning is a major 
source of pollution to our environment.  Because of 
these reasons, chemical, civil, electrical, mechanical, 
environmental and transportation engineers the word 
over are dedicating themselves to developing cleaner 
and more sustainable types of transportation fuel and 
to designing new vehicles.

This scenario demonstrates the role that engineers 
play in the design of vehicles that will make use of 
new types of transportation fuels. Engineers are cur-
rently working on three alternative ways of powering 
transportation: biofuels, hydrogen powered fuel cell 
vehicles, and electric vehicles. This scenario will pres-
ent the work engineers do with ethanol as an alterna-
tive transportation fuel, their analysis of issues related 
to the use of hydrogen to create fuel cells to power a 
vehicle, and the use of electricity to power an electric 
vehicle.

Many claim that supplanting our transportation fuels 
with new products like biofuels, electricity or hydrogen 
brings us closer to solving our growing energy crisis. 
But are these new fuels really viable solutions?

Biofuels are currently considered to be transition 
fuels to reduce our dependence on imported petro-
leum and, although still subject to debate, reduce 
greenhouse gas emissions.  Biofuels are promising 
examples as they enable the implementation of a new 
fuel technology with minimal requirements for a new 
fleet of vehicles or new fuel production and distribu-
tion infrastructure. 
 
It is also critical to analyze the environmental impacts.  

A real benefit of these vehicles is the use of an elec-
tric motor for propulsion.  Electric motors are far more 
efficient than internal combustion engines used with 
gasoline or biofuel powered vehicles. Hydrogen is 
most efficiently produced by steam reforming of natu-
ral gas. However, this releases CO2 and consumes 
substantial electrical energy, approximately 50% of 
which currently comes from coal fired power plants.

The U.S. Department of Energy (DOE) is evaluating 
the future of our light-duty vehicle system in the Unit-
ed States.  As a technical consulting group, your team 
has been hired by the DOE, to provide an analysis of 
the pros and cons of various possible future vehicle 
systems.

Your team will be asked to study the following:

• the use of ethanol as a transportation fuel.

• the use of hydrogen as a fuel to power 
 vehicles.

• the amount of greenhouse gases created 
 by gasoline and alternative fuel-powered 
 vehicles.

Background

Use of Ethanol as Transportation Fuel

The use of ethanol as a transportation fuel has in-
creased substantially over the last several years.  The 
2007 Federal Energy Independence and Security Act 
set a goal of 15 billion gallons per year of ethanol be 
produced and consumed as a transportation fuel by 
2015.  Most of the ethanol produced in the United 
States is made from corn. The production of ethanol 
from corn requires several steps:

All sources were accessed on November 2010.
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• corn farming, including fertilizer application, 
 seeds, irrigation and tractor use for planting 
 and harvesting.

• corn drying, transportation and storage.

• fermentation of corn into ethanol.

• separation of ethanol from water, typically by 
 distillation.

• blending of the ethanol with petroleum 
 gasoline to make a transportation fuel, 
 typically 10% by volume ethanol (E10) or 85% 
 ethanol (E85).

All of these steps require energy to be consumed.  
Analysis of the energy to make fuel is expressed as 
the net energy value of the fuel (NEV). NEV is the dif-
ference between the energy of the fuel itself minus the 
energy required to make the fuel.  Ideally this number 
should be positive.  

          NEV = 
[Energy from Fuel] – [Energy Spent to produce the Fuel]

Assumptions and Givens

• Each mile driven by a car with an internal
 combustion engine, requires the same amount 
 of energy.

• The British Thermal Unit (BTU or Btu) is used 
 to measure the heat value of fuels. One Btu 
 is defined as the amount of heat that is 
 required to raise the temperature of one pound 
 of liquid water by one degree Fahrenheit at 
 a constant pressure of one atmosphere, which 
 is the standard air pressure at sea level. To 
 better understand this unit, consider one Btu    
 as being equal to the amount of heat produced 
 by burning one wooden match.

• Table 8-1 presents basic statistics for the 
 production of ethanol for the year of 2007 to 
 be used in this scenario.  Various definitions of 
 units can be found at the bottom of the table.

• 1k = 103 = One thousand 

• 1M = 106 = One million

• 1G = 109 = One billion

• 1T = 1012 = One trillion
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Basic Values for producing corn and ethanol (2007):

Acres of corn harvested in US  86,520,000 acres
US overall average corn yield 151 bu/ac 
Ethanol yield 2.74 gal produced/bu corn
Fuel ethanol consumed 6.5 BGY

Energy consumed to make ethanol:

Total energy consumed

      

58,609 Btu consumed/gal

Fuel energy produced

Heating value of ethanol 

(Btu/gal)

76,330 Btu/gal

Heating value of gasoline 

(Btu/gal)

124,000

 

Btu/gal

Bench marks for comparison:

Gasoline used annually 1.4238 x1011 gallons

Definition of units

British thermal unit BTU unit of energy
grams g unit of mass
gallon gal unit of volume for liquids
acre ac 1 acre = 43,560 ft2

bushel bu unit of dry volumes
tonnes t or mt metric ton= 1,000kg = 1x106g
billion gallons per year BGY

Table 8-1. Data and information for scenario related calculations
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71.  Using 2007 as a typical year for corn 
       production, what percent of the corn 
       harvested annually would be required to meet 
       the targeted 15 BGY goal of the Energy 
       Independence and Security Act, for ethanol 
       production?
    
       a. 15%   d.  53%
       b. 37%   e.  >100% (e.g., not   
       c. 42%               enough corn to   
         meet target)

72.  What is the net energy value (NEV) (in Btu/gal)
       of ethanol produced from corn?

       a. 17,720 Btu/gal  d.  -17,720 Btu/gal
       b. 47,670 Btu/gal  e.  -47,670 Btu/gal
       c. 65,390 Btu/gal
        
Additional Assumptions and Givens

• An average U.S. car gets a fuel economy of 
 26 miles per gallon (MPG) on 100% petroleum 
 gasoline.

• There is less energy content in ethanol so it 
 takes more volume of ethanol to drive the 
 same number of miles.

73.  What will the fuel economy (in MPG) of the 
       average U.S. car be if E85 is used instead of 
       gasoline? (Hint: use heating values from 
       Table 8.1)

       a. 16.0 MPG  d.  24.5 MPG
       b. 17.5 MPG  e.  28.5 MPG
       c. 20.0 MPG

Additional Background

Discuss Issues Related to Hydrogen Powered Fuel 
Cell Vehicles

Hydrogen is considered by many as a possible al-
ternative fuel. However, hydrogen is not a primary 
energy source because it does not exist free in na-
ture. In order to use it as a source of energy it must 
be produced. Hydrogen powered fuel cell vehicles 
(HFCV) are under development to replace gasoline 
powered vehicles.

The fuel cell technology is based on the reverse 

operation of the electrolysis of water. Electrolysis of 
water is the method during which an electric current 
passing through water decomposes it into oxygen and 
hydrogen gases. In the reverse operation, oxygen and 
hydrogen react to produce water and electricity.

A fuel cell is a device that converts chemical energy 
into electrical energy. The produced electric energy 
can feed the motor of an electric car and operate the 
car. The fuel used for this approach could be hydro-
gen. 

How does a fuel cell work? Fuel cells work by react-
ing hydrogen and oxygen gases while producing 
water and electricity. In a fuel cell, hydrogen is fed to 
a negative electrode (called anode) while oxygen from 
the air is fed to a positive electrode (called cathode). 
Each hydrogen molecule is transformed (oxidized) 
into positive hydrogen ions and some electrons. 
The electrons move through an electric circuit which 
activates the electric motor of a car. At the other end, 
the positive hydrogen ions and the electrons meet the 
oxygen molecules at the cathode and produce water 
as a waste product. 

Additional Assumptions and Givens

• A positive ion forms when a neutral atom loses 
 an electron.

• A negative ion forms when a neutral atom 
 gains an electron.
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Figure 8-1. The operation of a fuel cell 
versus water electrolysis.

• The chemical symbols for Hydrogen (H2), 
 Oxygen (O2), Water (H2O), Hydrogen 
 positive ion (H+), Hydroxide negative ion (OH-) 
 and electron (e-) will be used in question #74.

74.  Which of the following is the correct set of 
       equations describing the reactions at the 
       cathode and anode in a fuel cell?
       
       a. Cathode: 2H2      4H+ + 4e-  
           Anode: O2+ 4H+ + 4e-      2 H2O
       
       b. Cathode: O2 + 4H+ + 4e-      2 H2O 
           Anode: 2H2     4H+ + 4e-

     
       c. Cathode: 2H2 + O2      2 H2O 
           Anode: 2H2 + O2     2 H2O
     
       d. Cathode: 4H2O + 4e-      2H2 + 4OH- 
           Anode: 2H2O     O2 + 4H+ + 4e-

       
       e. Cathode: 2H2O     O2 + 4H+ + 4e- 
           Anode: 4H2O + 4e-      2H2 + 4OH-

9v

Fuel
Cell

Anode Cathode

H2 O2

e-e-

Electrolysis
Cell

Anode Cathode

H2O2

e- e-

Fuel cell: Hydrogen and 
oxygen gases flow into the 
cell producing water and 
electricity.

H2O
(H2O)

Electrolysis cell: Hydrogen 
and oxygen gases produced 
when electricity flows through 
an electrolyte containing 
water.

+ / -

Additional Assumptions and Givens

• Theoretically, a single fuel cell can only 
 produce 1.23 Volts, although practical values 
 are closer to 0.7 Volts.

• To better understand Volts, consider that each 
 AA or AAA battery is capable of producing 
 1.5 Volts. Connecting two 1.5 Volt batteries 
 in series creates an overall voltage of 3 Volts. 
 This is useful for appliances that need more 
 voltage to run. However, connecting the same 
 two batteries in parallel will keep the overall 
 voltage at 1.5 Volts but will increase the 
 current. This configuration will be useful for 
 appliances that need more current to work.

• The FCX Clarity vehicle from HONDA is 
 powered by a fuel cell “stack”, which is a set 
 of fuel cells connected together.  It generates 
 100 kW of power (1kW = 1.34 hp horsepower).  
 
• Driving a car requires hundreds of Volts. A 
 typical HFCV vehicle requires 300 Volts from 
 the fuel cell stack to operate properly.

 →
 →

 →

 →

 →

 →

 →

 →
 →

 →
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75.  How many cells and in what configuration 
       (in series or in parallel) of fuel cells are 
       needed to generate the voltage required for a
       HFCV?

       a. 210 cells in series
       b. 428 cells in parallel
       c. 428 cells in series
       d. 544 cells in parallel
       e. 544 cells in series 
 
Additional Background

Calculate Carbon Dioxide Emissions 

Electric and Hydrogen vehicles are promoted as 
“zero-emission” vehicles.  It is true that they have an 
advantage in that they do not relase emissions from 
the tailpipe.  However, that does not mean that there 
are no emissions associated with their use. Hydro-
gen and electricity are energy carriers. This means 
that they must be produced from primary energy 
resources (solar, wind, fossil fuels etc.).  To consider 
the entire fuel production system (when you make the 
fuel) as well as the utilization system (when you use 
the fuel) rather than just the fuel use in a vehicle we 
use the term lifecycle assessments (LCA).
With LCA the fuel lifecycle is broken into several 
steps: 

• feedstock production. 

• fuel production (from the feedstock). 

• fuel use.

As an example, the production and delivery system 
for gasoline can be described as follows:

• Gasoline starts as crude oil pumped out of the 
 ground or the ocean floor.

• Crude oil is transported and undergoes 
 refining (refining is the process that turns thick, 
 black crude oil into the clear gasoline at the 
 pump).

• Refined fuel is transported and used.

• Fossil fuel is combusted, emitting CO2 and 
 water (and a small amount of some other 
 pollutants) to the atmosphere.

The option of using hydrogen as a transportation fuel 
is attractive because the emissions from its use are 
non-polluting (only water).  Even though the actual 
use of hydrogen does not create pollution, the tradi-
tional methods that are used to produce hydrogen, 
do. Therefore, the way hydrogen is produced is a 
very important factor to consider when assessing the 
environmental impact of any hydrogen-based energy 
system. 

The option of using biofuels as a transportation fuel 
requires farming of feedstock, extraction of oil, and 
production of biofuel.  Land use impacts may be sig-
nificant if corn production is increased with increased 
demand for ethanol.  The carbon emissions from 
burning ethanol are not considered a contribution to 
greenhouse gases because the carbon in biofuels 
(as opposed to the carbon in petroleum fuels) comes 
from recently grown plants and not from underground 
carbon-based fuel reserves.  

Additional Assumptions and Givens

• The mass of 1 mL of gasoline is 0.8 g

• One liter (L) equals = 1,000 mL

• Table 8-2 provides lifecycle energy use and 
 greenhouse gas (GHG) emissions for four 
 different vehicle/fuel systems. Units are 
 located on the second column of the table.

• Approximately 250,000,000 passenger 
 vehicles are currently used in the United 
 States.  

• Assume that the passenger class of vehicles 
 is adequately represented by the “Internal 
 combustion vehicle: Conventional Gasoline” 
 information included in Table 8-2.

• 1 gallon = 3.785 L 

• Miles traveled per vehicle per year: 12,000

• 114 g of gasoline (octane) yield 352 g of 
 Carbon Dioxide.
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Item   Units          Feedstock Production  Fuel Production Vehicle Operation Total

Internal combustion vehicle: Conventional Gasoline (assumes 26 MPG)
Total Energy   Btu/mile 177   946   4631   5755
Fossil Fuels  Btu/mile 171   934   4535   5639
GHGs   grams/mile 20   74   359   454

Ethanol Flex fuel vehicle (E85) 
Total Energy   Btu/mile 645   2222   4410   7278
Fossil Fuels  Btu/mile 624   2181   1164   3969
GHGs   grams/mile -136   175   336   376

Electric Vehicle   
Total Energy   Btu/mile 118   2042   1323   3483
Fossil Fuels  Btu/mile 114   1772   1155   3042
GHGs   grams/mile 18   283   0   301

HFCV  
Total Energy   Btu/mile 152   1321   1996   3470
Fossil Fuels  Btu/mile 151   1264   1996   3412
GHGs   grams/mile 22   214   0   236

Table 8-2. Results from the GREET lifecycle assessment model of vehicle-fuel systems
 (data from GREET model: SGGREET1 7.xlsm: www.transportation.anl.gov/modeling_simulation/

GREET/index.html )

The US Department of Energy’s Argonne National 
Laboratory has developed the GREET, a lifecycle 
model to estimate energy consumption and emissions 
associated with different transportation fuels and 
vehicle technologies. (www.transportation.anl.gov/
modeling_simulation/GREET/).  

76.  The products from the complete combustion 
       of gasoline are carbon dioxide and water.   
       What are the approximate greenhouse gas
       emissions from the complete combustion of 
       gasoline? (vehicle operation only)

       a. 4.8 g CO2 / gallon gasoline
       b. 9.35 g CO2 / gallon gasoline
       c. 146 g CO2 / gallon gasoline
       d. 652 g CO2 / gallon gasoline
       e. 9350 g CO2 / gallon gasoline

77.  How can the greenhouse gas emissions be
       negative in the “feedstock production” step 
       for Ethanol Flex fuel vehicle running on E85?
       
       a. Carbon dioxide is produced by the plants 
           during respiration
       b. Carbon dioxide is used by the plants during 
            photosynthesis
       c. Carbon dioxide is emitted by tractors used to 
            harvest the corn
       d. Less gasoline is consumed by the vehicle
       e. Carbon dioxide is toxic to humans
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78.  If 60% of passenger vehicles 
       currently used are replaced with electric 
       vehicles, how will the GHG emissions of the 
       whole U.S. passenger vehicle fleet change? 
       (total operation)

       a.   184 Tg (Teragrams) CO2 saved each year
       b.   275 Tg (Teragrams) CO2 saved each year
       c.   392 Tg (Teragrams) CO2 saved each year
       d. 1,087 Tg (Teragrams) CO2 saved each year
       e. 1,360 Tg (Teragrams) CO2 saved each year

79.  If the goal is to reduce the Nation’s 
       consumption of fossil fuels, which of the 
       following is the best alternative for current 
       conventional gasoline powered vehicles?

       a. Internal combustion automobile with petroleum 
            gasoline, but with much higher fuel efficiency 
            (average = 60 MPG)
       b. Ethanol flex fuel vehicle with E85
       c. Electric vehicles
       d. Hydrogen fuel cell vehicles
       e. Production of hydrogen by electrolysis

Additional Background

Proposing Measures for Reducing Emissions

New York and California are among the states that 
have proposed or required significant reductions in 
their state’s greenhouse gas production.  Their goals 
include as much as 80% reductions in emissions.  
None of the alternative fuel vehicle systems presented 
in Table 8-2 would come close to meeting these goals 
relative to the current conventional gasoline vehicles.   

80.  Which of the following would help contribute  
       to these emission reduction goals?

       a. EVs with electricity produced by nuclear power
       b. HFCVs with hydrogen produced by wind  
            power
       c. Increased use of public transportation rather 
            than personal vehicles
       d. Increased use of human power (walking, 
            biking) rather than automobile use
       e. All of the above
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1. Your team will have 90 minutes to complete Part 2.   

2. Complete the SCHOOL INFORMATION at the top of each Part 2 Answer Sheet. This information can 
 be found on the front of the White Part 2 Answer Sheet Envelope or will be provided by your 
 competition coordinator.  

 NOTE: Answer sheets submitted without school information will NOT be scored.

3. For each task, indicate the task number and number of pages for your answer
 (i.e., task 1, page 1 of 3). Start each task answer at the top of a new page. 
 Include at least one answer page per task, even if you do not submit an answer for that task.  

4. Final answers must be submitted on the carbonless Part 2 Answer Sheets only. 
 Show all your work on the provided answer sheets. 

 REMEMBER:  You MAY reference the questions, notes, work, etc. from Part 1.

5.	 When	finished	with	Part	2,	separate	the	carbonless	paper.		Staple	each	task	response	separately.		

6. Insert the WHITE originals into your White Part 2 Answer Sheet Envelope.  

7. Place the yellow copies with the Part 2 questions.  The competition coordinator will provide instructions
 for returning the yellow copies and the Part 2 questions.

8. Return the White Part 2 Answer Envelope and all other materials to your competition coordinator.

Failure to adhere to all general directions may 
disqualify your team from the competition.

 

directions – Part 2       9/10 Level

**DO NOT OPEN OR BEGIN PART 1 UNTIL INSTRUCTED TO DO SO**

2



 

JETS, Inc.© 9/10 Level TEAMS Competition 2011

 

table of contents - Part 2          9/10 Level

Remember that one team answer must be written and submitted using Part 2 
Answer Sheets. 

REMINDER: You may reference your work, notes, etc. from Part 1.

Comprehensive Scenario on Energy Issues………………………………………….………………04

3



TEAMS Competition 2011JETS, Inc.

 

©9/10  Level

A Comprehensive Scenario on Energy Related Issues

 

Part 2              9/10 Level

Subminted by Dan Comperchio and Adam McMillen, KJWW Engineering 
Consultants, Naperville, Illinois

Introduction 

The world is challenged by the energy crisis. Energy 
demand will continue to expand while resources 
will continue to be depleted. Engineers should work 
together and use technology to meet demand through 
innovation. Energy efficiency and energy diversity 
seem to be the immediate reaction to the problem.

The world’s economic growth and prosperity is directly 
proportional to the availability of affordable energy 
sources for both electric power generation and trans-
portation needs. It is estimated that the world’s energy 
demands are growing at a rate that cannot be sus-
tained forever. This occurs despite the improvements 
in energy efficiency that the application of advanced 
energy-related technologies can achieve. The world’s 
engineers can offer significant contributions in meet-
ing these challenges successfully.   

Big corporations are not only becoming consumers 
of renewable energy sources for their own needs but 
they also view alternative energy sources as profit-
able. Plans of growing green algae to fuel vehicles, 
investing in the ethanol production, unveiling carbon- 
sequestration projects, building windmills to power 
refineries, etc., are all encouraging steps for the future 
of our planet.

The work in Part 1 of the TEAMS-2011 “Energy 
Theme” exposed these energy-related challenges 
based on the following three aspects: 

a)  Energy Diversification: We showed you how one 
can develop economical and safe ways to utilize all 
available energy sources including crude oil, natural 
gas and renewable sources such as wind, solar, biofu-
els, etc.

b) Energy Efficiency: We showed you how one can 
develop technologies that will improve energy efficien-
cies at the home, vehicle, building and industry level.

c) Pollution Control: We showed you how one can 
consider energy efficiency and energy diversification 
while at the same time develop cost-effective ways to 
break the link between energy use and carbon dioxide 
emissions.

Technology and Engineering will play a major role in 
solving the energy “supply-demand” equation. Top-
ics in Part 2 will motivate you to propose solutions to 
challenges: 

• Energy losses during creation of energy

• Energy efficiency improvements versus 
 renewable energy choices

• Benefits and environmental risks of 
 geothermal energy

• Practical uses of solar energy

• Reliance of the operation of the electric car on 
 current energy sources

• Use of water and air as mechanical means to 
 transport energy

• Energy options available for heating

• Ways to construct an efficient building with 
 minimum energy needs
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Task 1

Where could energy be lost when supplying a building with electricity that has been generated in a coal-fired 
power plant? 

How could this wasted energy be harnessed for other useful purposes? 

For example: 
Coal-fired power plants use giant boilers to generate steam in order to run steam turbines. These boilers, just 
like residential furnaces, cannot turn 100% of the heat from burning the coal into useful steam. We call this 
boiler inefficiency.

Task 2

Why is an effort to improve energy efficiency usually more cost-effective than adding renewable energy to a 
building?  

What are some examples of low-cost energy efficiency improvement strategies for K-12 schools? 

For example:
Compare the proposal of adding solar panels to power all the lights of a building for the entire day, to turning-
off unnecessary lights.
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Task 3

What benefits does using the Earth’s stored energy (geothermal) have over burning coal or natural gas to sup-
ply energy to a building?  

What are some possible environmental risks related to the use of geothermal energy? 

For example: 
Discuss the impact of geothermal fields on ground water tables and ground temperatures.  A geothermal field 
is the area that is used to exchange heat between a building and the ground itself.

Task 4

What are some possible uses for solar energy at a typical high school? 

Consider all the related areas including the site, the landscaping, and the inside of the building.  
What are some of the technologies that are currently used in a typical high school  today?

For example: 
Parking lot lights that use solar panels to charge batteries. 
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Task 5

In what ways is an electric car better than a gasoline car? In what ways is it worse?

Take into consideration that the energy that the electric car needs to charge its batteries could come from burn-
ing coal, using nuclear power or wind (renewable) power. 

For example: 
Batteries used in electric cars are heavily resource-dependant and need additional resources and energy to 
produce. These resources are not necessary for a gasoline car.  However, gasoline is a limited resource that 
also needs other resources and energy to process, refine, and transport.

Task 6

Why are mechanical systems (like pumps) that use water as the primary method to transport energy preferred 
over air systems (like fans)? 

Water has a much higher (four times higher) specific heat than air.  Explain why water can transfer the same 
amount of energy in a much smaller quantity.
How can this impact a building beyond energy implications? 

For example: 
The picture below illustrates this point:  the one-inch diameter pipe can transport the same amount of energy in 
water as an 18 inch x18 inch air duct. 

7



TEAMS Competition 2011JETS, Inc.

 

©9/10  Level

Task 7

What are the advantages and disadvantages of using electricity to heat a building instead of heating it with 
natural-gas? 

For example: 
Electric heating is 100% efficient in terms of converting the incoming electricity into heat, however the 
electricity is originated in a power plant and we must consider what losses occur there and what losses occur 
during the transmission from the power plant to the end user.

Task 8

How can architectural features (like walls, windows, etc.) impact the energy use of a building? 

For example:
Windows can reduce lighting-energy when combined with daylight sensors that turn down or shut off the lights, 
but the sunlight will heat up the space and that will increase the cooling required in the building. That will force 
the air conditioning equipment to get larger to handle the additional cooling requirements.
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