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District Energy – Community Scale 
Heating and Cooling

• Underground network of 
pipes “combines” 
heating and cooling 
requirements of multiple 
buildings

• Customer diversity aids 
economics; efficiency

• Creates a “market” for 
valuable thermal energy

• Aggregated thermal 
loads creates scale to 
apply technologies not 
feasible on single- 
building basis

• Fuel flexibility = energy 
security
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Interdependent Infrastructures 

Rinaldi,	  S.	  et.al.	  "Iden/fying,	  understanding,	  and	  analyzing	  cri/cal	  infrastructure	  interdependencies."	  
Control	  Systems,	  IEEE	  21.6	  (2001):	  11-‐25.	  
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Mul/-‐Stakeholder/Mul/Objec/ve	  Op/miza/on	  

Mul/Objec/ve	  Op/miza/on	  

Weighted	  Form	  

Technical Issues:
- Multiple Decision-Makers ! Ambiguity, Disagreement
- Multiple Objectives ! Dimensionality

Stakeholders



Building Technology Office, U.S. Department of Energy 

Metrics	  Involved	  in	  Evalua/on	  of	  Lightbulbs	  



Mul/objec/ve	  Op/miza/on	  
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Issues:

- Ambiguity: Meaning of Compromise?

- Dimensionality: Construct Pareto Set?
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Mul/objec/ve	  Op/miza/on	  

Definition: (Weak Pareto Optimality) A decision x

⇤ with fi(x
⇤), i 2 O is

a weakly Pareto optimal solution of MOO if there does not exist an alternative
solution x̄ with objectives fi(x̄), i 2 O satisfying fi(x̄) < fi(x

⇤) for all i 2 O.
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index i satisfying fi(x̄) < fi(x
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Mul/stakeholder	  Op/miza/on	  
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Key Observation: Interpret Opinions as Samples from Population
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Key Property:

Condi/onal	  Value	  At	  Risk	  (CVaR)	  Rockafellar	  &	  Uryasev,	  2000	  

Question: Are CVaR Solutions Pareto Optimal?

lim

↵!0
CVaR↵[d(x)] =

1

m

X

j2S
dj(x)

lim

↵!1
CVaR↵[d(x)] = max

j2S
{dj(x)}

CVaR↵[d(x)]

= min
⌫

1

m

mX

j=1


⌫ +

1

1� ↵

[dj(x)� ⌫]+

�



Geometric	  Interpreta/on	  

Definition: (Scaled Lp norm). Consider a fixed decision x 2 <n
x

and the

dissatisfaction vector d(x) 2 <m
. The scaled Lp norm (denoted as L
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The	  CVaR	  Norm	  Pavlikov	  &	  Uryasev,	  2014	  

Definition: (Scaled CVaR norm). Consider the vector d(x) 2 <m
and

assume (without loss of generality) that d1(x)  d2(x)  · · ·  dm(x) holds.

Define also the scalars ↵j :=

j
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CVaR Norm Combinatorial But Can be Computed Using Continuous Formulation  
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Pareto	  Op/mality	  of	  CVaR	  Solu/ons	  

Lemma: Consider decisions x̄, x

⇤
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Illustra/ve	  Example	  



Illustra/ve	  Example	  



BioGas	  Facility	  Loca/on	  

Some	  Info:	  	  	  
	  U.S.	  Farm	  Animals	  Produce	  2	  Times	  the	  Amount	  of	  Waste	  of	  En/re	  Human	  Popula/on	  
	  Single	  Dairy	  Cow	  Generates	  20	  tons	  of	  Waste/year	  
	  There	  are	  9	  Million	  Cows	  in	  the	  U.S.	  (1.2	  Million	  in	  Wisconsin)	  
	  From	  EPA:	  2,000	  Farms	  Could	  Support	  Biogas	  from	  Waste	  (Less	  than	  200	  Installa/ons)	  
	  Challenges:	  	  	  
	  	  	  	  How	  to	  Reconcile	  Priori/es	  (Emissions/Water/Health/Investment/Not-‐in-‐my-‐Backyard)?	  
	  	  	  	  How	  to	  Derive	  Fair	  Incen/ves/Regula/ons?	  
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Compromise	  Solu/ons	  (4	  Objec/ves,	  100	  Stakeholders)	  

↵ 2 [0, 0.49] ↵ 2 [0.50, 0.71]

↵ 2 [0.72, 0.86] ↵ 2 [0.98, 1.00]



Ideal	  Stakeholder	  Solu/ons	  

Distance from Farms

Distance from Watershed

Distance from Urban

Capital Costs



Combined	  Heat	  &	  Power	  (CHP)	  Units	  

Some	  Info:	  	  	  
	  CHP	  Uses	  Heat	  Recovery	  to	  Simultaneously	  Provide	  Electricity,	  Hea/ng,	  and	  Cooling	  	  
	  CHP	  Efficiency	  70-‐80%	  vs.	  Tradi/onal	  Power	  Plant	  Efficiency	  40-‐50%	  
	  U.S.	  CHP	  Capacity	  To	  Increase	  from	  80GW	  to	  120	  GW	  in	  10	  Years	  
	  	  

Customer advantages: 
• Overall net effi ciency rate of 70 percent, double that of conventional plants 

• Reduces greenhouse gas, mercury and sulfur dioxide emissions 

• Converts waste heat into 500,000 lbs/hr of steam and 20,000 tons of chilled water

• Provides 150 MW power to local grid

For more information on 
GE Power & Water's 
Distributed Power solutions:
www.ge-distributedpower.com

GE Power & Water's Distributed Power business is a business unit of the General Electric Company. The GE brand, logo, and lumination are 
trademarks of the General Electric Company. © 2014 General Electric Company. Information provided is subject to change without notice. 
All values are design or typical values when measured under laboratory conditions. University photos provided with permission and credited 
to Jeff Miller/University of Wisconsin-Madison; gas turbine photo provided by GE.

IND029-R102313     GEA31613

Want to learn more 
about cogeneration 
technology?
Download any QR Code 
reader app with your 
smartphone. Scan the 
code on the left with your 
phone to learn more.

Key technical data

Number and type of units    2 x GE LM6000 aeroderivative gas turbines, 1 x GE steam 
turbine, 2 x Deltak HRSGs, and 4 x York centrifugal chillers

Generating capacity 150 MW

Effi ciency rating Up to 70 percent 

Commissioning 2005
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WCCF’s impressive capacity is such that it can generate 150 MW of power and 500,000 
lbs/hr of steam. When it is in cogeneration mode, the facility has an overall net effi ciency 
rate of up to 70 percent, compared to 30 to 35 percent for a conventional power plant. 

District Energy – Community Scale 
Heating and Cooling

• Underground network of 
pipes “combines” 
heating and cooling 
requirements of multiple 
buildings

• Customer diversity aids 
economics; efficiency

• Creates a “market” for 
valuable thermal energy

• Aggregated thermal 
loads creates scale to 
apply technologies not 
feasible on single- 
building basis

• Fuel flexibility = energy 
security

Design	  Challenges:	  	  	  
	  	  Capture	  Dynamic	  Paherns	  of	  Electricity/Cooling/Hea/ng	  Demands	  	  
	  	  Many	  Emerging	  Technologies	  with	  Strong	  Trade-‐Offs	  (Investment,	  Emissions,	  Water)	  



Case	  Study	  in	  Pacific	  Coast	  of	  Mexico:	  
Real	  Energy	  Demands	  &	  Weather	  Data	  for	  Housing	  Complex	  
Housing	  Complex	  with	  420	  Units	  and	  2,400	  Inhabitants	  

Solar Radiation

Electricity Demand

Cooling Demand

Hot Water Demand

Combined	  Heat	  &	  Power	  (CHP)	  Units	  



CHP	  Units	  
Stakeholder Cost Emissions Water

A 1/3 1/3 1/3
B - 1/2 1/2
C 1/2 - 1/2
D 1/2 1/2 -
E - 2/3 1/3
F - 1/3 2/3
G 1/3 - 2/3
H 1/3 2/3 -
I 2/3 - 1/3
J 2/3 1/3 -

Cost (USD/yr) CO2 (Ton/yr) Water (Kg/yr) CHP Tech CHP Size (kWe) Storage V (m3)
Min Cost 144,307 3,987 46,411,000 ICE 335 5.5
Min Emissions 208,450 1,582 22,186,000 SE 182 75
Min Water 214,220 1,745 19,602,600 ICE 290 83
A 182,580 1,679 23,842,000 SE 180 70
B 144,310 2,016 24,771,000 ICE 285 67
C 147,120 3,168 37,260,000 ICE 280 27
D 180,630 1,655 19,603,000 ICE 287 83
E 193,340 1,582 22,186,000 SE 182 75
F 193,340 1,582 22,186,000 SE 182 75
G 184,910 2,482 28,952,000 MT 197 53
H 144,310 2,016 24,772,000 ICE 285 67
I 173,190 1,860 23,842,000 SE 181 60
J 180,630 1,655 19,603,000 ICE 287 83
Min Average 182,580 1,679 23,842,000 SE 180 70
Min Worst 144,310 2,016 24,771,000 ICE 285 67
Utopia 144,307 1,582 19,602,600
Nadir 214,220 3,987 46,411,000
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Coherent	  Risk	  Measures	  and	  Norms	  	  

Coherent Risk Measures:

• Expected Value: E[X]

• Worst-Case Value: ess sup(X)

• Conditional Value at Risk: inft2R
n

t+ 1
1�↵E[(X � t)+]

o

• Entropic Value at Risk: inft>0

�

1
t logE[exp(tX)]

 

E[X]  CVaR↵(X)  EVaR↵(X)  ess sup(X)

VaR↵(X)  CVaR↵(X)  EVaR↵(X)

Some Relationships:

• Value at Risk: VaR↵(X) := inft2R {t : Pr(X  t) � ↵}

• Mean-Standard-Deviation: M-SD� = E[X] + ��(X)2

Coherency Conditions:

• Homogeneity: ⇢(�X) = �⇢(X)

• Subadditivity: ⇢(X1 +X2)  ⇢(X1) + ⇢(X2)

• Normalized: ⇢(0) = 0

• Monotonicity: If X1  X2 a.s. then ⇢(X1)  ⇢(X2)

Norm Conditions:

(Violates Subadditivity)

(Violates Monotonicity)

1� ↵

E[X]

ess sup(X)

• Homogeneity: ⇢(�x) = �⇢(x)

• Subadditivity: ⇢(x1,x2)  ⇢(x1) + ⇢(x2)

• Normalized: ⇢(0) = 0

()

Incoherent Risk Measures:



Generalized	  Entropy	  Index	  	  
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District Energy – Community Scale 
Heating and Cooling

• Underground network of 
pipes “combines” 
heating and cooling 
requirements of multiple 
buildings

• Customer diversity aids 
economics; efficiency

• Creates a “market” for 
valuable thermal energy

• Aggregated thermal 
loads creates scale to 
apply technologies not 
feasible on single- 
building basis

• Fuel flexibility = energy 
security
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