Title

Design an electric utility resource plan for 2025 and beyond.

A classroom activity or project, suitable for an introductory general-education (non-science major) college class focused on sustainability and renewable energy.

Summary

Students will design the integration of renewable or carbon neutral energy sources into the electricity generation mix of an example utility.  The structure is a budget or a design or maybe a puzzle where all the pieces of electricity generation must add up to demand and simultaneously comply with state and federal emissions regulations and renewable energy targets.   It is similar in style to Princeton’s well-known “Stabilization Wedges” activity [see Ref. 1].    Enough of the complications are present that students will experience why the switch from coal is so slow and how dynamic the economic and policy environment is.   This module can be a one-week capstone of a full course on energy, policy, and sustainability or a two-week focus unit within a course if wind, solar, transmission, and storage are intermixed because they were not covered separately.

Context for use

The University of Minnesota course Phys1035 “Energy” is for non-majors.  It fulfills requirements for a science course without lab and also the sustainability requirement.    The outline of topics for the entire course follows the text by Richard Wolfson “Energy, Environment, and Climate” [2], though topic coverage is similar for other texts.  This activity may be suitable in broader, survey courses with additional care.   

This activity represents a capstone exercise after the students have learned about some physics of all the different forms of energy but before they have learned the science and principles of earth's climate.   The course assumes 10th grade algebra skills and unit conversions and exponential growth/decay and supposes some recall of high school chemistry.   It does not use trigonometry, no simultaneous equation solving, no calculus, no Newton's laws.   No prior experience with high school level physics is assumed, so potential, kinetic, and E=mc^2 are introduced from scratch.

Prior to this capstone activity, class sessions include reading and activities focused separately on their personal and household energy use, fossil fuels (typical efficiency for direct use and converting to electricity, Hubbert's peak), ground-source and air-source heat pumps, wind, solar, hydro, the electricity grid, and storage.  Our text covers these with about a chapter each.   In context, this activity is placed before the climate change science part of the course.  Students are familiar from course assignments and other in-class activities with making energy and cost budgets, from a net-zero house design project.  Also, they have already worked out the difference between power (Watts, kiloWatts, MW) and energy (kiloWatt-hours, MegaWatt-hours), which is a huge conceptual challenge.  Because this capstone project integrates many of these, you should take care that you have introduced enough of the same concepts, or add additional half-days into this activity plan order to introduce the missing ones just in time.

In the state of Minnesota, the electric utilities must periodically file a resource plan with the state public utilities commission (PUC).  It covers at least a decade of investment, and the  state PUC can reject or encourage certain options within the resource plan.  In addition to the super-detailed plan for the PUC some utilities increasingly advertise their resource mix to customers and shareholders in simpler newseletters posted online.   

As of this writing, the state is served by two investor-owned companies (Xcel energy, Minnesota Power) and a cooperative Great River Energy operate as regulated monopolies, beholden to the PUC and the former two also to their shareholders, together account for 80% of the electricity delivery to the state of Minnesota.    It is unlikely the students know or care about this specific regulatory scenario in total, but they likely know from civics class that the legislatures makes laws, those laws are enforced somehow, and companies respond to both laws, customers, and market conditions.

The electricity market is changing so rapidly that these materials needed to be updated roughly every two years of the six years I used them.



Learning Goals

Content/concept goals for this activity

Experience the tradeoffs and timescale required to shift from fossil fuel electrical generation to renewable energy.

Identify their location is rich in some specific energy resources and poor in others, and the opportunities are not identical to other regions of the U.S. and world.

Confront how technology advances bring down cost and how state and federal policy shape long term investments. 

Higher order thinking skills goals

Create a quantitative “budget” (in both energy and cost) that simultaneously satisfies multiple requirements, then evaluate variations on it and choose the optimal one.

Integrate science, technology, economics, and policy issues to propose and justify a plan.

The students will compare their plan to the one from the actual utility being modeled, and evaluate how and why their decisions were different.

Other skill goals

Students will search the web for additional information on select topics.

Students will work in groups.


Activity description and teaching materials

You can download the following:
A version of everything in one .docx file
Slide deck to project basic information and the resource menus and other information
A plansheet they will use to organize and turn in their plan, costs, and justification.
This is a design activity, and is supposed to be very dynamic.  Tell the students to think it is like their family budget, but instead they are the board of directors of a company or a stake policymaker, which some of them will be!  Your job as instructor is to manage a changing energy and economic environment that your students must respond to by changing their plan and press them for a decision and justification.

Day One Activities
(10 min) Introduce the history, historical data, and the concept of the three-day effort.
(10 min) They brainstorm what are the real challenges, based on what they know and read in the news.   
(10 min) Write/organize the challenges on the board so everybody uses the same set as a base
(15 min) In groups they begin to sketch their plan, and understand what the assignment really involves.
(5 min) Introduce the four reading assignment for the next class (each student does a different one)

Day Two Activities
(10 min) Introduce how to account for the complication of energy storage and transmission.
(10 min) Have them review and modify their first day plan to include this, and review the readings.
(5 min)  Review the content of those reading assignments as a class, fill in gaps.
(5 min)  Now halfway through CHANGE parameters to reflect changing market/regulatory conditions.
(20 min) Modify their plan again, and write their justification for the plan.
(0 min) Mention the reading for next day is the actual plan for 2025 lined on course website.

Day Three Activities
(5 min) show them the actual plan in the format of the game.
(15 min) Have them finish adding up their plan (do not change their choices, just complete the costs).
(5 min) When ready, they should write their % renewable and costs on the board.
(10 min) solicit the % renewable and costs from every group in a list on the board.
(rest of time) Present/discuss followup issues from their questions or the list below.


Instructors Detailed Notes and Narratives 
which match the slide deck plus additional information.

Day One Activities
(10 min) Introduce the history, historical data, and the concept of the three-day effort.
(10 min) They brainstorm what are the real challenges, based on what they know and read in the news.   
(10 min) Write/organize the challenges on the board so everybody uses the same set as a base
(15 min) In groups they begin to sketch their plan, and understand what the assignment really involves.
(5 min) Introduce the four reading assignment for the next class (each student does a different one)


[Slide 2] Description of Minnesota Power in the year 2005, and for most decades prior.

A small sized utility (but the second-largest in Minnesota) serves 150,000 people, 20 cities, and the mining, forestry/paper industries.  Unusually high for an electric utility, half of its energy goes to industry (runs three shifts, 24/7), the other half is split between residential and commercial which peak in daytime.  Also unusual for an electric utility, energy use peaks in winter, which is typical of Canada but not the air-conditioning heavy U.S.   This single, small utility is a microcosm of the U.S. energy demand where energy expenditures have typically been between 6% and 8% of gross domestic product.

Instructor's note:   if you are doing this anywhere in Minnesota, Wisconsin, or North Dakota, or Iowa, the data from Minnesota Power resembles the situation the students actually grew up, and represents the years from when they were born to when they started college.   Many of the students in Duluth came from the Minneapolis-St. Paul area, and this exercise connects to that. You can emphasize this as the hook:  they are starting from their past and designing their future.   If you want to do this for another region, it would work but the hook won't be as strong.  Consider if it makes sense to graft your local utility onto this same structure to retain the personal connection.

In the year 2000, 1600 MW peak demand, 6% hydro and 94% coal.
Three coal facilities (ten generation units), none comply with 2010 environment standards.

[Slide 3] In the year 2010 things have changed somewhat (Slide 2 is repeated for comparison)
1900 MW peak demand.   Total delivered 13,000 GWh in this year.   People buying more energy.
5% hydro, 10% wind, 10% “purchases”, 75% coal.
The utility just purchased a wind farm in North Dakota and a transmission line to Duluth.
Our catchphrase is North Dakota is the Saudi Arabia of wind.   Think OPEC and global eco-politics.
By the way, students may not know where Manitoba is, or why they might be relevant.

Instructor’s note:  there is the opportunity to solicit from the class, or outright state, how 1900 MW is different than 13,000 GWh.   Many students benefit from reminder about these concepts, even in their capstone experience.  “Remember, 1900 MW is how much energy per second, a rate, customers demand at the moment they are demanding the most.  13,000 GWh is an amount of energy after adding up high demand daytime and low demand night time delivery over the course of the whole year, it is what the customers pay the utility for.”

[Slide 4 and worksheet] As a Table with new columns for the 2015 plan for 2025 and its costs.

Your task is to create a plan for what the utility’s generation mix will be in 2025, and estimate what it will cost your customers.

source\year	2000	2010	2025	cost = units x $/MWh
peak MW	1600	1900	2100	
coal		1500	1500
hydro		  100	  100
wind		  	  200
utility scale solar
home roof solar
nuclear
natural gas
biomass and coal
purchases		  200
peak reductions
new transmission
storage for wind/solar
Sum of costs + 10% profit = total costs
% renewable	  5%	 15%   25%

After introducing the material above, leave it on the screen and have them brainstorm the challenges their utility company faces.  about  10 minutes.  
“What should the investor-owned utility consider when designing their resource plan for 2025 ?    Here is the first one”
25% renewable by 2025, legislature made it a state standard.  (Give them one to start out.)
Meet peak demand, no matter what.  (This is not obvious.)
Comply with particulate emissions limits from coal facilities.
Keep energy prices low, especially for industrial customers.
Low risk, reasonable profit for shareholders.
Anticipate even higher renewable standards by 2050.
Anticipate a CO2 tax or CO2 cap and trade, adds 25% to cost of coal.

Have them write versions of these at the top of the back side of the plan worksheet.

Minnesota specific technical notes for instructor.
The hydro is from the Thompson Dam, 20 miles away, the largest hydro facility in the state.
Consider it zero cost, but it is very unlikely that Minnesota will build additional hydro facilities.
The transmission line from ND was built for coal, Minnesota Power bought it, switched it to wind.
You might hint even now that this utility and Minnesota imports most of its energy one way or another.
The state legislature mandated a higher standard of 32% renewable for Xcel energy.

Then introduce the resource menu and assignment (20 minutes)

“Use the worksheet version of [Slide 4].   Starting with the 2010 data and the menu, add to and subtract from it to obtain the 2025 plan. In one column.   Add up the costs in the next column for each unit and then form a total.  On day two we will add the storage complication and transmission lines and rethink the cost and choices”

You need not introduce storage or even transmission lines on day one, it is better they make a base plan that adds up, get the feel for the puzzle, and then plan a cycle of revision.

[Slide 5] Here is your Resource Menu. There are four columns.   The first is a unit of peak load power, in MW, in most cases you can build as many of those as they choose until they add up to 2100.   The second column describes the resource.   The third column is the up-front cost (sticker shock), but really this will be financed by shareholders and loans.  The fourth column is the levelized cost, which is the realistic cost that will be passed on to your customers per unit energy.    Remember, the first column is peak power, how much energy per second is being generated from that resource and delivered to your customer.   The third is the cost per unit of energy in MWh.  You don’t need to, but its easy to see you can convert to kWh like you see on your utility bill, just multiply the number by the unit conversion 1 MWh / 1000 kWh .  Your customer pays for amounts of energy in kWh or MWh not power kW or MW, like at the pump you pay for the energy in gasoline, not the size or power of the engine.

Resource	Resource type					up-front	levelized cost
100 MW	Land wind North Dakota**			200 M$	  50 $/MWh
100 MW	Lake wind off shore Lake Superior**	500 M$	100 $/MWh
100 MW	Hydro contract from Manitoba				  40 $/MWh
		Transmission line for every 500 MW***	200 M$	  +5 $/MWh
100 MW	Utility scale solar farm**			300 M$	100 $/MWh
100 MW	20,000 homes distributed solar		400 M$	150 $/MWh
100 MW	Five of these = one new nuclear reactor	200 M$	100 $/MWh
100 MW	Continue coal (fuel + emissions upgrade)	350 M$	  40 $/MWh
100 MW	Natural gas (fuel + retrofit a coal facility)	100 M$	  50 $/MWh
100 MW*	Biomass (paper waste) + coal combination			  40 $/MWh
100 MW	Purchase/sale high regional demand				100 $/MWh
100 MW	Purchase/sale low regional demand				  10 $/MWh
    5 MW*	replace all old refrigerators			  50 M$	  20 $/MWh
  20 MW*	replace all inefficient lighting			  20 M$	    1 $/MWh
  75 MW*	cash incentive to customers to shift demand from peak 	  10 $/MWh

* Can only do one each of these four.  Three actually reduce demand, requiring less new facilities.
** For every 100 MW of these, need to have load balancing, see next table on day two.
*** Have a single 500 MW line to North Dakota already.

For the next 15 minutes, decide on an initial draft plan that adds up and meets the requirements:  25% renewable, adds up to 2100 MW peak power, is cost sensitive.

Instructors note:  the slide deck includes fewer words.  Purchases at high demand are listed as an option in the slide deck, but only groups who get through the first parts quickly are able to contemplate the meaning of the prices.   Purchases at low demand are not listed at all.  The menu changes on day two.   When circulating in groups, students often ask for clarifications as they go through the details.

Final five minutes:   Reading for day two is motivated by the list from day one.  Each group of three or four students should divide up these topics, use a search engine, then report back to the group during the next class.   Before you go, pick which topic is yours, then use a search engine.  Make sure someone does Manitoba Hydro.   Write these on the board or on your learning management site so they can see and use the suggested search terms.  Its hard to give a multiple choice reading quiz, because each student chose one.   You could post a short answer "write three points" kind of quiz on the learning management software, or ask them to bring that in to class.

1.  CapX2020 transmission line construction in MN, ND, SD, and WI.
2.  Manitoba Hydro, read about and locate the Nelson River on a map.
3.  Permit renewal for the nuclear reactors in Monticello and Prairie Island
4.  Solar power in Germany (Minnesota cold-climate location with Alaska-like insolation)

Day Two:

(10 min) Introduce how to account for the complication of energy storage and transmission.
(10 min) Have them review and modify their first day plan to include this, and review the readings.
(5 min)  Review the content of those reading assignments as a class, fill in gaps.
(5 min)  Now halfway through CHANGE parameters to reflect changing market/regulatory conditions.
(20 min) Modify their plan again, and write their justification for the plan.
(0 min) Mention the reading for next day is the actual plan for 2025 linked on course website.


[Slide 6 and transcribe the slide onto a blackboard/whiteboard]  The need for storage is an important constraint to understand the adoption of wind and solar.   In my class, the concept was an entire previous class focused on the physics of a pumped hydro facility.   How to account for it in this game is as follows.  For every 200 MW of wind or 100 MW solar they want to install, then need to have one unit of any of the following storage options.  
	Grid-connected battery, adds 20 $/Mwh to the cost 
	pumped hydro adds 10 $/Mwh, 
	50 MW of existing or new hydro behind a dam, or 
	50 MW of natural gas,    
Slide 6 has this information, but you will want to simultaneously project the resulting budget work [Slide 7] and later the revised resource menu [Slide 8], so transcribe this onto a board.   

[Slide 7] Concrete example:  the current 200 MW of wind can simply use part of the current 50 MW of hydro, but now we need to budget for 2150 MW at peak (in case the wind isn't blowing).   You could add 200 MW additional wind if you convert 100 MW of coal to 100 MW of natural gas, but then you need 2200 MW peak in your budget, in case the peak happens when the wind isn't blowing hard.  Instead, lets buy one unit of battery storage for it.  You still do not need another transmission line.

Instructors note:  This is also an opportunity to give a full example of how to add these to their table.  About 20% of the students in this course for non-majors are not able to produce a budget without direct prompting, about 10% can’t do it at all, however usually one group member is good with this.   You might think the business majors would be better at this, but in their first year of college, not so much.  However, there are ambiguities in the instructions, so this example is helpful for everyone.

peak capacity				2150   = 2100 + 50 using hydro  
hydro				  100	$    0    Thompson dam is already paid for
wind		  	    	  400	$160 = 40x4
transmission				    $0    (none needed, within 500 MW limit of existing line)
one unit battery storage		  $20 = 1 x 20

Sum of costs to customers		$180
Add 10% profit to shareholders	$  18
Total cost				$198
Renewable%				  23% = 500 MW / 2150 MW

Note to instructor:  the total cost is no longer technically per MWh, but the details of why are not important for the activity.   It does represent a cost which can be apples-to-apples compared with other groups, and is the correct numerator for estimating the average cost that will be passed on to customers.   If a student notices, you can deflect that question or challenge them to think what is the correct denominator for determining the average cost.   The answer to that question is simply but approximately the total units that went into the sum making a weighted average, like they need to calculate their grade given exams, homework, and such.   The exact answer involves accounting for the fact that wind and solar are not constant, which is more math than we care to do.

(10 minutes) now their turn to account for storage and transmission in their plan, which usually involves shuffling and adding things.    Or they may be behind and did not yet have a plan that adds up.  Also have them briefly summarize their bit of reading within their group.   Don’t let them spend too much time here, they have another reason to revise coming up in 10 minutes.   Do try to circulate through all the groups in this time to see if some or many are falling behind.   They should have had a full and satisfactory plan, and this is a small modification on that same plan.   By the way, this structure is a common problem solving strategy:  draft and refine.   But usually that isn’t made explicit.

(5 minutes) Here are the brief version for the instructors to re-summarize, directly or as part of soliciting responses from the group.   

1.  CapX2020.   Minnesota Power had an old transmission line from North Dakota, built in the 1970s to deliver coal generated power.   The location happened to be ideal for a wind farm, so Minnesota power built the farm and the transmission line.  However, there was not enough transmission to get the wind energy resource from the Dakotas and Southwestern Minnesota to market in Minneapolis, Duluth, Madison, and Milwaukee.  CapX2020 solved this.   It was permitted and completed ahead of schedule by 2018.   Take home message:  need to get the resource to market.  Not so different from coal trains, oil or natural gas pipelines.

2.  Manitoba Hydro.  Maintoba has supplied its own energy largely from hydro facilities on the Nelson River in the far north.   The existing and new stations (and their huge transmission lines) can be seen using the satellite overlay on map apps, near Gillam, MB.  Canada already exports hydro to the U.S. in the New England region, also see the song “Light up my Room” by BNL, so Manitoba is walking a known path.  There is essentially no way to develop new hydro in Minnesota.  Manitoba is committed to sell the 700 MW of energy from the new Keyask station to four different utilities, Xcel, Minnesota Power, Great River, and Wisconsin.   They have 2500 MW of additional development in the design stage.  Take home message, Manitoba wants to and can do these.

3.  The permits for the Monticello Nuclear Reactor started operation in 1970 with a 40 year license, which was was renewed for another 20 years in 2006 to run until 2030.   The permits for the Prairie Island Nuclear Reactors started in 1973 and 1974 and were permitted originally for 40 years, then extended for another 20 years, until 2033 and 2034.   It might not be obvious, but the up-front cost for these were very high and nobody has built a new nuclear reactor in the U.S. in decades.  But once built the cost to re-permit and continue operating is extremely low, only $15/Mwh .   Take home message:  new nuclear is extremely expensive overall, but repermitting existing facilities is cost effective.

4.  Germany is a cold-climate, northern country (more Alaska than Minnesota in solar potential) and put in policy and incentives that drove solar energy production to 6% of its total.   How was this accomplished?    Electric energy was already relatively expensive, plus they mandated a “feed-in tariff” for small rooftop solar guaranteeing a competitive or even advantaged return on investment for generation (which obviously was passed to customers).  Take home message:  it can happen here, and the legislature is about to mandate it.  In Hawaii and the southern U.S., a solar panel produces more energy each year, and is more cost effective than it is in the north.   But you can work with what you got, because it is local.


[Slide 8] After going through these, modify the menu and plan as follows.  Both the legislature and marketplace have changed !
1. The state legislature now mandates minimum 5% solar (100 MW) by 2025
2. And your new minimum renewables is now 35% by 2025 
3. The cost of on-shore wind falls from 50 to 40 $/MWh
4. and off-shore wind falls from 150 to 100 $/MWh
5. The cost of utility scale solar drops from 100 to 50 $/MWh
6. The cost of rooftop solar falls from 150 to 100 $/MWh

These represent cost reductions due to technology and manufacturing improvements, not much due to subsidies or incentives.  New technologies always come down in price and displace old technologies, just like you experience with phones and television sets.  They did not happen overnight, costs have steadily come down over (only!) five or more years.  Take home message:  previous policy and incentives for investment in solar and wind technologies have made them cost-competitive with fossil fuels, before considering the cost of storage and transmission lines.   Good policy can be effective at achieving collective goals.  Someone might ask how large are subsidies on these quantities?  For fossil fuels they are about $1/MWh, and currently for wind and solar they are about $5/MWh, and nuclear about $10/Mwh.   Solar panel production for export is partially subsidized by China, not the U.S.  In practice, all subsidies are passed back to customers/taxpayers somehow, somewhen.


They should have 15 minutes remaining to modify their plan.   Now they are just shifting and recalculating, and you’ll circulate and help them.   If some groups are focused on nuclear or extra renewables rather than lowest cost, let them continue in that direction, it will make for better discussion later.  If a group claims "lowest cost", probe what resources they favor, and make sure they are articulating that hydro and wind require the additional cost of storage and transmission, which makes them more expensive than continuing coal.   If you don't hear these kind of arguments, then something is going wrong.  Or you can assign “pro-nuclear plan” and “extra renewables plan” to some groups in advance or on an ad-hoc basis.  Also, read through the "What if?" and ideas below, and have some in your pocket for groups that have a particular interest in a particular future.

Assignment for next class is to read the actual Minnesota Power plan for 2015 (linked on the learning management website).   [The next full plan will likely appear in 2020.]
https://www.mnpower.com/Content/Documents/Environment/2015-resource-plan.pdf

There is a lot of information, but a few specific places deserve more focus.  Please read specifically pages 14-17 “Resource Plan Overview:  Short and Long-term Action Plans”.   Their preferred plan is summarized with peak capacity in MW in Figure 21 (page 70 but page 84 of the pdf file) and the breakdown of energy in GWh in Fig 22 and 23 (page 71, but page 85 of the .pdf file).   Using the year 2026, you can estimate the renewables fraction in each plot.   I get 500 MW out of 2000 (25%) in the peak plot and 5000 GWh out of 13,000 (38%) in the energy figure.   Look carefully to be sure you can add up MHEB Manitoba Hydro, Bison Wind, Biomass, Existing Wind, and (Existing) Hydro to get the same estimate.    Here are some questions to ask yourself:  why are renewables a different percent of peak power different than the cumulative energy?   A related question, why does the earlier part of the document state 600 MW of wind and 380 MW (Manitoba) + 71 MW (Thompson) of hydro?

[Make sure to put the above on your course’s learning management site, so they focus on the parts they are prepared to understand and do not try to read the whole document, which is too much.   Encourage them to read as much extra as interests them.    If you like to give multiple choice reading comprehension questions before students arrive in class, consider these.  Q1. In this plan, approximately what fraction of the year 2026 total 13,000 GWh will be supplied by the MHEB Manitoba Hydro Long Term contract ?   Carefully pull values off of the plot.  A.  5%   B.  10%  C. 20%  D. 25%     Q2.  Why are the percent renewables in the peak power (MW) figure smaller than in the total energy (GWh) figure ?  A.  they will use their natural gas unit to provide energy at peak demand   B.  Wind and Solar are not constant and they do not count on them during the peak demand  C.  Their earlier statements of 600 MW wind and 450 MW hydro (388 from Manitoba and 71 from Thompson Dam) were intentionally misleading.  D.  Both A and B are correct.  ]

Day Three

(5 min) show them the actual plan in the format of the game.
(15 min) Have them finish adding up their plan (do not change their choices, just complete the costs).
(5 min) When ready, they should write their % renewable and costs on the board.
(10 min) solicit the % renewable and costs from every group in a list on the board.
(rest of time) Present/discuss followup issues from their questions or the list below.


[Slide 9]  This is the actual Minnesota Power plan re-structured according to the rules of our game in class.  It is not identical to the plan for 2025 published in 2015, but is very similar.   It is also an example of adding everything up.  Give them 15 minutes to gather their thoughts and finish their costing, and write their justifications on the back.     Start a list of students' plans percent renewable and total cost on the board, and have a member of each group post their results.   As they finish that, ask each group to articulate how their plan is the same or different, and why.   If it is unclear, go back to the list of priorities and their justifications of their own plan to figure the why.

As a Table, the new column approximates the actual Minnesota Power plan, adjusted to fit into the rules of the game being played in class.

year		2000	2010	2025	cost
peak MW	1600	1900	2300	
coal		1500	1500	  900	$360 = 40x9
hydro		  100	  100	  400	$120 = 40x3 (Thomson is free, use 200 for wind and solar)
wind		  	  200  	  500	$200 = 40x5 
solar				  100	  $50 = 50x1
natural gas		   	  300	$150 = 50x3
purchases		  200
peak reductions		  100	  $10	this is lowest cost, so obviously you do it.
transmission				    $5	one needed to Manitoba.
storage						none needed.

total cost				$895 + $90 = $985
% renewable	  5%	 15%	  40%

Comments on this plan.  Given the context of this game, it is nearly the optimal lowest cost.  The peak reductions are the lowest cost so obviously everyone will do those for sure.  They have dialed back just enough coal and dialed up just enough wind and slightly exceed the renewables standards.  Why does this not match the stated 600 MW wind and 450 MW hydro (383 from Manitoba and 71 from Thompson Dam) ?   It is because they do not plan that the wind will magically peak at the time customer demand peaks.    In fact, what they have done is somewhat more clever, their contractual agreement with Manitoba is not to provide 388 MW all the time, it is actually to supply more when it is not windy and less when it is windy, up to specified limits.  On especially windy days, it is even possible they will supply extra energy to Manitoba.   When MN Power adds up their numbers more carefully than the rules of our game require, they get 38%, not 43% .

Two radically different plans might come up.   Some groups want to purchase nuclear, despite the very high cost.   Some try to go all renewable and natural gas.   Here are two examples.

year		2000	2010	2025	cost
peak MW	1600	1900	2300	
coal		1500	1500	      0	      0 
hydro		  100	  100	  600	$200 = 40x5 (Thomson is free, 100 supports wind/solar)
wind		  	  200  	1000	$400 = 40x10 
solar				  200	$100 = 50x2
natural gas		   	  400	$200 = 50x5 (100 supports wind/solar)
purchases		  200	      0
peak reduction			  100	  $10
transmission				  $10	one needed to Manitoba, a second one to North Dakota
storage					  $30    three units of pumped hydro.
Sum + 10%				$950 + 95 = 1045  (is 15% higher than plan above)
% renewable			  80%

Comments on this plan.   This costs more, but is essentially coal free, and meets goals that many utilities have in mind for the year 2050.  Already during this exercise, the cost of wind and solar fell significantly. If wind or solar or storage costs fall even more this plan could become the lowest cost plan.   This plan would also win over the previous plan if the cost of coal went up significantly due to emissions standards and a carbon tax or carbon cap and trade.   Experts consider this plan is feasible with no new technology.

year		2000	2010	2025	cost
peak MW	1600	1900	2200	
coal		1500	1500	      0	      0 = 40x9
hydro		  100	  100	  600	$200 = 40x5 (Thomson is free, 100 supports wind/solar)
wind		  	  200  	  400	$200 = 40x4 
solar				  100	  $50 = 50x1
nuclear				1000	$1000 = 100x10
natural gas		   	      0	      0 = 
purchases		  200 	      0
peak reduction		  	  100	  $10
transmission				    $5	one needed to Manitoba.
storage					  $20    one unit of battery storage 
other					$1485 + 149 = $1634 (almost double the actual plan)
% renewable				50%
% carbon free				100%
Comments.   Carbon Free is different than renewable.   Nuclear is practically carbon free, but is very expensive   Some analysts consider it the only path for the U.S. to go carbon free before 2050.  But no nuclear has been built in decades.

What if?

This is my favorite part.   There are tons of little details that are fun, here they are presented as “What if” or  “ideas”.   This is design, this is fun!    Don't expect the entire class to be prepared for all of them.  As I circulate and listen to what the groups are already interested in, these can extend the conversation in directions students were already going. As the instructor, your best strategy might be to be prepared for a number of issues and feed some to the relevant groups.   Don’t make exam questions on material only a few groups encounter, of course, but  some that are common throughout the class can become fodder for a whole-class discussion.    Or you could pick a few and assign them as a followup research/essay homework questions.    This is what an ideal, non-major, critical-thinking, required science course should offer the student.


What if:  the cost for renewables falls even further ?   the utilities will speed investments in renewable generation and meet the renewable targets even earlier.   In fact, Minnesota Power met the original 25% standard in 2018, and now expects 44% by 2025 when all their new stuff comes online.   Xcel energy has announced (from their Colorado office) that they will be 100% carbon free by 2050, if their nuclear facilities get another permit renewal.   Most of getting to carbon free will be done by 2030, the last bit will be harder and requires technology development.


What if:  electric energy prices go so low that it is cheaper to run an electric car than a gasoline car?  It already is, fuel and maintenance costs are half, even as it drives gasoline to the cheapest it has been in decades !   In fact, this is already happening as the up-front cost for electric cars reaches parity with gasoline cars.  Remember the stat earlier, that energy represents 6% to 8% of the U.S. gross domestic product?   Half that goes to transportation, and so is not currently part of this utilities' customer mix.    For the model utility company presented here, one could imagine huge and rapid adoption leads to 100,000 electric cars and trucks and buses in the Minnesota Power service area by 2025.   When charged overnight, that would add 500 MW to demand; your students maybe could calculate this for a homework problem.   But most of that demand would probably be (can be arranged to be) overnight and would only push peak demand about 100 to 200 MW higher.

What if:  there is a carbon tax or a carbon cap-and-trade policy that makes coal 25% more expensive than is listed here, so 50 $/Mwh instead of 40.   The answer is probably that Minnesota Power eliminates coal completely and quickly.   To do otherwise would invite shareholder lawsuits.

Idea:  none of this energy is local except for solar and this tiny bit of hydro, we are not using Minnesota energy resources.  In fact, we never were!   Coal is imported largely from Montana and Wyoming and a bit from North Dakota.  Natural Gas is imported too.  The very southwest corner of Minnesota has wind like the Dakotas have.   You know who could be 100% carbon free in just a few years?   South Dakota could, they have a major hydro facility and can do wind and solar like gangbusters, and have so few people they might as well do it and export energy like Iceland wishes they could do.

Idea:  a misconception:  utility scale solar is not necessarily stored for use at night, especially in the southern U.S. summer months.   It is clear we need storage for days that are not so windy.  If we have solar panels on our roof, we need battery storage to turn on lights at night.   What is not obvious is that a utility supplying electricity with a little solar would actually benefit by storing mid-day solar until late in the day when the air conditioning runs the most and the overall demand is highest, not at night when the overall demand is lowest.

Idea:  how does the utility structure the incentive to shift energy use from peak, so that they don’t have to invest in more generation capacity ?   Many of my students know how this works from their experience at home before arriving at college.   One visible way to residential customers is the utility will control an electric water heater and tank to do its heating only overnight and never during the day.   The tank will be sized to be adequate for a typical day’s hot water for that household.    The utility will offer the customer a lower overall rate.  One might refer to this  “peak shifting” also as “thermal energy storage” and can be used also for cooling homes and data centers.   Similar strategies and incentives are offered to commercial and industrial customers.

What if:  we just kept building wind and more wind and more wind ?   Like Saudi Arabia could decide to pump and export twice or four times as much oil as they do.   You can't transmit more than 500 MW, but you could build wind until you produce 500 MW on the LEAST windy day.   But then on the most windy day you would have an extra 500 MW that you can't use or sell to Duluth.   You would “curtail” it, turn off half the turbines.   In fact, Minnesota power reported a milder version of this scenario in their 2015 report, build 600 MW of capacity transmit 20% more on the least windy days and curtail on the most windy days.   If there was a carbon tax, this would be the most effective option.

What if:  there was someone in North Dakota that was willing to buy excess wind energy only on days when there was too much supply and only for a steep discount like less than half the regular price?   Maybe they would use it to make hydrogen or some other transportable or value-added product, or can use thermal energy storage (heating or cooling) if that anyway what they needed the energy for.

Idea:  one reason for decline of coal is some special features of using natural gas to generate electricity.   It can be retrofitted into some existing coal facilities.   It can be turned on, used to deliver peak load and turn off on a daily basis.  Most importantly, fracking technology has dropped the price of natural gas and made it less expensive fuel compared to coal, at least for another decade or so.

What if:  we converted all home heating to electricity, is that better ?   In cold climates, directly burning fuel (natural gas or wood) is common, except for multi-unit apartments and some other situations.   Even with historically low natural gas prices, this can use half or more of a home’s energy dollars.    Per unit of heat energy, direct burning uses less fuel than turning it into electricity first, and therefore is both cheaper and produces lower carbon emissions.   If the electric utility used only natural gas, and the homeowner used simple resistive baseboard heaters, this would not be better.    If the utility used 2/3 renewables and 1/3 natural gas, they would be about equal.   (My students generally can’t justify that statement by doing math in their head, but can do it in a more structured format.)  The two things that are an improvement:   using an electric ground-source or air-source heat pump or investing in improved insulation.   Note, cooling your house using air conditioning (also an air-source heat pump) always uses electricity.

Idea:  nobody has built a new coal electrical generation plant in years, and nobody has a plan to do so.  Continuing to run an old coal facility with an emissions upgrade and maintenance and buying coal is inexpensive, but building a new one from scratch would cost 90 $/Mwh.   If fossil fuels are your special thing (looking at you [redacted] brothers), natural gas is cheaper and easier.

Idea:  rapid adoption of electric cars, low prices of wind, solar, and natural gas means that 
a.  coal and oil will drop in price to match the competing options
b.  Oil and coal company profits will suffer
c.  Fossil fuel executives and their workforce will lose their jobs
d.  All of the above.  Thats how the free market works.
As of 2019, your students will easily recognize that this is happening.

What if:  we just built a bunch of long-haul transmission lines from windy North Dakota and Manitoba Hydro to everywhere, including Minneapolis and Chicago and Milwaukee or even St. Louis and Nashville and such?   Why not indeed.   Ultra High Voltage DC long-haul transmission lines are used in China, India, Brazil.   They can go 2500 km and carry 10,000 MW.   But people don't like them, and don't want them in their back yard.  Unless they are compensated for it.   For whatever reason, Minnesota and Wisconsin built regular transmission lines as the students read in the CapX2020 assignment, which largely look to the public and to regulators like they serve the local and regional market.  These stretch from South Dakota and Duluth to Minneapolis and Chicago but are only rated around 500 MW each.  There are plans for bigger ones from Texas, Oklahoma, and Kansas to the east (search Grain Belt Clean Line and Plains & Easter Clean Line) and from Wyoming to the southwest (search on TransWest and Zephyr Power), each capable of 3000 MW capacity.  They are in permitting stage and battling opposition from people who don't want and don't benefit from them.  It is not clear if the resulting energy prices will go up or crash.

What if:  the cost of wind and solar fall by another factor of two or five compared to what is presented in this exercise.   This is actually a question I pose on the first day of class, accompanied by the converse, what if energy prices rise by a factor of two or five or ten, how would my students' lives change.   Students with an interest in economics quickly realize that we will use more of this cheaper energy, partly by being less efficient, and partly by doing things with energy that were not previously economical.   For that matter, consider the case made in Meghan L. O'Sullivan's 2017 book “Windfall:  How the New Energy Abundance Upends Global Politics...” which is actually not about wind energy, it is about oil and gas.


Assessment

Assessing that the students have achieved the learning outcomes.

They are turning in a plan and a justification plus two short narrative questions.   I ask them to submit theirs individually as a homework assignment due before the next class, drawing of course from their group’s plan.  Sometimes that means they are in their own words, sometimes the group composes one and it is cut and pasted.

If their peak power adds up to 2100 (or more if that is how they account for wind/solar), has at least 35% renewables, and the cost is added correctly, they have achieved the “Experience tradeoffs” and “Create a budget” and “Integrate science, technology…”  goals.   If one or more of these are deficient, then identify which goal was not met.   These criteria also indicate they have met two university level goals SLO2 and SLO3, listed below.

If the narrative answers the “how/why did your plan change” then they likely did confront technology advances, cost reductions, and policy.   If the narrative skipped this question, then who knows.

If the narrative answers “how/why is it different from the actual utility’s plan”, they met that goal.

It is not possible to make a cost effective renewables strategy without utilizing both North Dakota and Manitoba, and three of four reading assignments for day two cover importing energy from outside the utility’s service area.  Sometimes a group makes a big point of using solar because it is locally grown or some such language, but that is above and beyond the intention of the activity.


We assess the outcomes of the project itself (near the top of this document) plus use the submitted work in this capstone experience to assess two of our universities’ outcomes for the general-education non-major science courses. 

This course meets the university level requirements for a course in the “sustainability category” and/or “natural sciences” category for which the relevant SLO's are: 

sustainability SLO1:  students will demonstrate knowledge of fundamental sustainability principles embedded within systems/contexts.  [Wrote this for completeness, it is assessed separately.]

sustainability SLO2:  students analyze practices or policies that impact human society and the natural environment using sustainability principles.  [Assess this.]

natural science SLO3:  students will apply the scientific method to address questions about natural phenomena.   Professors' variation that meets the spirit of this SLO:  students will quantitatively describe and compare alternative solutions to a complex problem involving energy and make a decision about which one is optimal.  [Assess this, directly matches a goal for this activity.]


[bookmark: _GoBack]I assess from what they turn in as described above.  However, followup homework assignments and exams always include questions that directly relate to the in class activities.   You could use those as part of your assessment.  Here are some examples.  Personally, I rarely use multiple choice, but you could transform these into that format if you like.

Q1.   Why has/will the switch from coal to almost half renewable energy take decades ?  [The prices to build new renewables have been higher than continuing to fuel old coal facilities.   We are required to meet demand at good prices.]

Q2.   Pick two issues that make electricity generation very dynamic and describe each in a paragraph.  [Lots to choose from, they pick two.   Technology advancements.  New regulations requiring renewables or carbon tax.  Improved transmission capability for hydro and wind. ]

Q3.   Even if they were the same price as other sources of energy, wind and solar require tradeoffs.  Describe what the issue is and suggest one way to overcome it.  [Answer, wind and solar are not constant.  Need to have another form of generation ready to pick up the demand, use hydro or gas.]

Q4.   In our design the resource plan activity, the utility needed to “import” energy from outside Minnesota.  They did this both in 2005 and plan to do it in 2025.   In the table below, list the forms of energy that were imported and what were found inside the utility service area.   [Draw a 4x4 box.   Imports, Local and 2005 and 2025.   Answers:  ND wind, MB hydro, coal, and gas are imported.  Some hydro and solar are local.]


This is a hard conceptual question that would be fair for homework as a free response, or on a quiz as multiple choice.

Q5.  What is the difference between meeting a peak demand of 2100 MW and incurring total costs (and charging customers) 40 $/MWh ?    A.  Customers pay for energy throughout the year.  B.  2100 is much more than 40 because it is the peak.  C.  2100 MW is the maximum rate, energy per second, but the power is usually lower.  D.  Both A and C.
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