Application of epoch-era analysis «-f;iisiiziiiiies,
to the selection of a distributed ' _':=='-'55=5=55:

power generation system

Adam M. Ross

Massachusetts Institute of Technology

-
. BT . " 2019
HE ER
HE EN
H B
EE =
. mEn
e L O l conference on systems engineering research
EEEN EEEEE ®
EENENEE EEREE =N
EEE B BEE E =B =



E C-ATwT L - 2019 S EAEI
E E I I == Systems Engineering Advancement

| |
conference on systems engineering research I I I II Research Initiative

17" Annual Conference on

Systems Engineering Research
April 3-4 2019, Washington, DC

Application of epoch-era analysis to the selection of
a distributed power generation system

Adam M. Ross, and Alexander L. Pina

Massachusetts Institute of Technology

Apr 4, 2019

ﬁ\m- STEVENS VIRGINIA

@ TECH




LS EFd US Power Grid

R
Centralized Power  Clean, local power

' i
- et
: 2.
sl saal.. W Solar PV et 1
\ / power plont ::;;:11
: 44+ 7"
Transmission network ;
Storoge Storage L3
<3 y % Qnin
‘, 3 ‘_hi’.ﬁ Flow
Q.'ﬁ - control
Mouvse N\ I

Sloroge I

‘:: f) rc i pcw“

Distribution network ‘ - e “ i

- lity device

rltfn) Local CHP plant \ czlucut. % l
device
(e sbh
i
: (4akby!
“Tﬁ aga

i (Oge
{1455
(4R} .
44y "1 ot 1y L House with domestic CHP
. ezt 113 Wind
Commercial T ’l’ power
. building plant
Factory

Distribution is a core idea behind the grid of tomorrow
CSER 2019

Apr 3-4, 2019




EEEIEI What is Distributed Generation?
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Homeowners will
play a supply role
in the future

Microgrid

Utility Grid

|
Substation | wla |
|

PCC
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.S Challenge of Uncertainty
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Key challenge for the homeowner
investing in a DG system will be expensive and uncertainties
will impact the costs and benefits of this investment

Epoch-Era Analysis (EEA) is an approach that allows for the
framing and analysis of the impact of short run (epoch) and long
run (era) uncertainties on the value of alternative investments

All enumerated epoche

Today Possible short run futures
(epochs)

Y

Time
Today Possible long run futures
(eras)
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EéEFI Guiding Research Questions
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* Given an Epoch-Era Analysis formulation, which of the distributed generation
power system choices available to the southern California homeowner provides
the highest value across the greatest number of epochs and in a select number of
potential era scenarios?

e Using the same Epoch-Era Analysis formulation, how does the highest value
distributed generation choice for randomly selected homeowners differ from that
of the highest value for the homeowner subset average?

Pina, A.L., Applying Epoch-Era Analysis for Homeowner Selection of Distributed Generation Power Systems,
Master of Science in Engineering and Management, System Design and Management Program, MIT, June 2014.

CSER 2019 Apr 3-4, 2019
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Within each epoch, how
do alternatives compare?

CSER 2019

| oy

S Comparison Method (RSC)

2222 Approach: Responsive Systems

What are value criteria What are key uncertainties
used to determine in terms of potential
goodness? What are contexts and needs
potential alternatives? (epochs)?

What is problem to
be solved? Who are
key stakeholders?

| Information 1 Value-Driving 2 Value-Driven 3 Epoch

| Gathering Context Definition |l Design Formulation Characterization How does each

4 Design-Epoch alternative perform, and

Alterna'tlves Tradespaces how is it valued, in each
Evaluation Evaluation epoch?
. 5 6 7
| Alternatives Single Epoch | Multi-Epoch Era

| Analysis Analyses Analysis Construction

What are potential
sequences of epochs that Within each era, how do
may be encountered alternatives compare?
(eras)?

Across the set of epochs,
how do alternatives
compare?

Apr 3-4, 2019



razeecic 2000 |NVEStigating the System Stakeholder
CSEA . )

conference on systems engineering research
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There are many potential stakeholders in the v Y e —
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Electricity .
S— Generator Complex System Diagram
= L F
| I 1 Independent
Maintenance 1 Distributed m Utility System
Personnel | Generation clutlad iy Company Operator
1\ 1 1 N L
[ _ _l
: Original
e e
I_T \H T_ |_l Neighbor C:r::::zw
Financial 3 | l_j | 1 Visuals
Environmentalists = Politics
Backers (:"Z < JUdgment Energy Money
r-==— === =-=m=m==mm= T — e ——
| v | .
. . . — Money I Policy
Slmpllfled SyStem Dlagram é : Distributed 1€ Homeowner < Regulator
| Generation > 4 >
I Energy | Compliance
I ~ =1
Simplifying the system diagram allows us to Maintenance Money | | Hardware
focus on the key relationships. Y
Maintenance E;)LjriISxZnt
Personnel Manufacturer

Chosen focus: the “Homeowner” perspective
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| =SS Whois the homeowner?
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Homeowner (San Jose, CA)

Description Value Units
Electricity Cost 0.20 S/kWh
Yearly Energy Use 6480 kWh/yr
Daily Energy Use 17.75 kWh/day

DG Percentage 50%
DG Daily Operation 2 hours
DG Capacity 4.44 kW

 What are they looking for?

Benefit criteria

Cost criteria

Apr 3-4, 2019

"+ Aesthetic Appeal

* Maintenance Frequency
* Product Life

* Availability

_* Space Required

~* Maintenance Cost

* Environmental Effect

* Initial Cost

_* Operating Cost
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LS E"E Value Modeling
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Attributes > SAE/SAU - MAE/MAU

Transforming decision maker criteria into...
levels of satisfaction for each criterion into...
aggregate satisfaction across all criteria

Benefit attributes (i.e., contributing to utility)
e Aesthetic appeal — the system’s appearance when considered part of their property [ordinal: 3 to 7]

e Maintenance frequency — the number of maintenance and service events per year that the system requires the . ey
homeowner or third party to replace, change, or fix systems or components [#/yr: 6 to 0] Attri bUtes Uti I |t|es,

e  Product life — minimum number of years that the manufacturing or retailing companies specifies that the system Expenses
is able to operate before replacement [yrs: 10 to 30]

e Availability — how easy is the system to acquire, by the homeowner, as a function of the number of outlets
retailing the system for a given region [ordinal: 4 to 10]

e Space required — number of square meters required per kilowatt of system generation capacity [m”"2: 125 to 0]

Cost attributes (i.e., contributing to expense)

e Maintenance cost — the total cost in dollars per year required to keep the system operating at full efficiency
including parts and labor hours invested by the homeowner or designated third party [S/yr: 200 to 0]

e Environmental effect — mass of carbon dioxide that is produced by the system during annual operation [kg MAV = Z‘{l leAVl (Xi)l Where Z? ki = 1
C02/yr: 1000 to 0] . .

e Initial cost — total cost that the homeowner must pay to acquire the system [$: 50,000 to 0] for Vv (Va I UE) isE (expense) or U (Utl I |tY)

e Operating cost — cost that the homeowner must pay to operate the system with specific focus on fuel or electric
usage that is required to produce the homeowners desired amount of energy [$/yr: 750 to 0]

CSER 2019 Apr 3-4, 2019
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Single Attribute Expense (SAE) Curves
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MAV = 7' k;SAV;(X;), where Y k; = 1
for V (value) is E (expense) or U (utility)
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=4 Utility and Expense Value Model

Single Attribute Utility (SAU) Curves
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* None,

* Solar Photovoltaic
e Solar Thermal

* Wind Turbine

* Heat Pump 7
» Natural Gas Generator [

* Diesel Generator A
* Propane Generator
* Heating Oil

* Geothermal

CSER 2019 Apr 3-4, 2019
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These factors can be
used to enumerate
potential epochs for
the system

CSER 2019

Il Resulting Epochs

Inspecting the system boundary, we see
five exogenous factors that pass through:

* Fuel (from utility company)

e Maint (from maintenance personnel)

e Opinion (from neighbor)
* Product (from original equipment manufacturer)
e CO2 (from regulator)

Epoch Descriptions

| Information
lL Gathering

ation

Alternatives
Evaluation

| Alternatives
: Analysis

Epoch Descriptor| Epoch .
Epoch Name ] Range Units
Category Descriptor

Price Fossil Fuel Technology Fuel [1.0, 1.5, 2.0] Multiplier
Cost of Maintenance Maint [0.5, 1.0, 2.0] Multiplier
Neighbor Opinion Opinion [Disagree, Neutral, Agree] Level
Product Available Technology Product [2, 5, 10] Choices
CO2 Regulations CO2 [None, Cap, Ban] Level

Apr 3-4, 2019
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=S4 Evaluating the Alternatives
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Data for each of the DG alternatives was collected for each

cost and benefit attribute:

. . Maintenance Environmental Initial Cost = Operating Aesthetic Appeal ~ Maintenance  Product Life ~Availability ~Space Required
DG Choice Description
Cost (S/yr)  Effect (kefyr) (S) Cost (S/yr) (0-10) Frequency (#/yr) (yr) (0-10) (mA2/kW)
1 None 0.00 0.00 0.00 0.00 0 0 0 0 0.00
2 Solar Photovoltaic 88.75 0.00 17750.00 33.56 5 1 25 10 57.47
3 Solar Thermal 133.13 0.00 26625.00 94.77 5 2 15 9 17.75
4 Wind Turbine 124.25 0.00 35500.00 38.88 3 3 20 9 110.94
5 Heat Pump 137.52 770.09 9485.69 93.15 6 1 20 8 0.23
6 Natural Gas Generator 67.55 586.71 2637.85 607.50 4 4 12.5 8 0.19
7 Diesel Generator 117.59 808.86 3439.06 998.05 4 4 12.5 7 0.26
8 Propane Generator 60.79 697.03 2928.75 2054.16 4 4 12.5 8 0.17
9 Heating Qil 37.82 808.86 1371.59 386.13 5 2 20 5 0.08
10 Geothermal 79.87 770.09 7437.86 173.82 7 3 25 6 117.12

Each exogenous factor level has weight factors that multiply the baseline
attribute score, and change the k; weights in MAE and MAU functions:

| Information
lLGathering
Alternatives
Evaluation
| Alternatives
: Analysis

Era le Era
Construction | Analyses

Epoch Descriptions

Epoch Name Epoch Descriptor Ep{}.ch Range Units

Category Descriptor

Price Fossil Fuel Economic Fuel [1.0,1.5,2.0] Multiplier
Cost of Maintenance |Technology Maint [0.5, 1.0, 2.0] Multiplier
Meighbor Opinion  |Social Opinion |Disagree, Neutral, Agree] Level
Product Available Economic Product [2,5, 10] Choices
CO2 Regulations Policy co2 [None, Cap, Ban] Level

Alternatives »

Utilities and«
Expenses

Evaluative

Model

Epochs Attributes

Value
Model

Scores

Simple Evaluative Model

Baseline Attribute

Epoch Weighting
Factors

Epoch-specific
Attribute Scores

Assumptions:

CSER 2019

Epoch Weighting Factor Expense Attribute K Factor Utility Attribute K Factor
% H = | T s | B | 5l®
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Factor 2| 25 | &% £ 8% 2 22 g H SE | [pector Z|sA 55| E 85| |ractor S|elsEls]|2 |88
Fuel 1.0X 1.0 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 Fuel 1.0X 0.233 | 0.086 | 0.353| 0.328 Fuel 1.0X 0.040 0.230 | 0.240{0.210| 0.280
Fuel 1.5X 1.0 1.0 1.0 15 1.0 1.0 1.0 1.0 1.0 Fuel 1.5X 0.205 | 0.123 |0.311] 0.361 Fuel 1.5X 0.032| 0.245 |0.245(0.202| 0.277
Fuel 2.0X 1.0 1.0 1.0 2.0 1.0 1.0 1.0 1.0 1.0 Fuel 2.0X 0.193 | 0.126 [ 0.294| 0.387 Fuel 2.0X 0.031| 0.227 [0.247|0.237| 0.258
Maint 1.0X 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 Maint 1.0X 0.233 | 0.086 |0.353| 0.328 Maint 1.0X 0.040| 0.230 [0.240{0.210| 0.280
Maint 0.5X 0.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 Maint 0.5X 0.248 | 0.103 | 0.350] 0.299 Maint 0.5X 0.030 0.253 [0.222(0.242| 0.253
Maint 2.0X 2.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 Maint 2.0X 0.299 | 0.128 | 0.316] 0.256 Maint 2.0X 0.030] 0.273 [0.263[0.172| 0.263
Opinion Neutral 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 Opinion Neutral | 0.233 | 0.086 | 0.353| 0.328 Opinion Neutral |0.040[ 0.230 | 0.240{0.210| 0.280
Opinion Disagree 1.0 1.0 1.0 1.0 0.5 1.0 1.0 1.0 1.0 Opinion Disagree | 0.226 | 0.165 | 0.330| 0.278 Opinion Disagree |0.198| 0.208 0.178(0.149] 0.267
Opinion Agree 1.0 1.0 1.0 1.0 2.0 1.0 1.0 1.0 1.0 Opinion Agree | 0.248 | 0.111 [0.342] 0.299 Opinion Agree | 0.061| 0.242 |0.212{0.182 0.303
Product 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 Product 10 0.233 | 0.086 |0.353| 0.328 Product 10 0.040 0.230 | 0.240{0.210| 0.280
Product 5 1.0 10 1.0 10 1.0 1.0 1.0 2.0 1.0 Product 5 0.238 | 0.148 | 0.344| 0.270 Product 5 0.074| 0.181 | 0.298(0.213| 0.234
Product 2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 5.0 1.0 Product 2 0.231 | 0.162 | 0.368| 0.239 Product 2 0.051] 0.121 [0.283[0.232| 0.313
C02 None 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 €02 None 0.233 | 0.086 | 0.353| 0.328 €02 None 0.040| 0.230 | 0.2400.210| 0.280
€02 Cap 1.0 2.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 CO2 Cap 0.174 | 0.289 |0.314] 0223 €02 Cap 0.053| 0.126 |0.305/0.168| 0.347
CO2 Ban 10 10.0 1.0 10 1.0 1.0 1.0 10 1.0 €02 Ban 0.198 | 0.331 | 0.256] 0.215 CO2Ban 0.063| 0.158 |0.295(0.189] 0.295

Apr 3-4, 2019

* Exogenous factors impact attributes independently
* Exogenous factors will change one at a time
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Propane Generator 0.500] 0.491] 0.497] 0.500] 0.496] 0.460] 0.500] -1.000] 0.490] 0.500] 0.520] 0.602 0.500[ 0.533] 0.503] epOCh
Heating Oil 0.571] 0.568] 0.550] 0.571] 0.533] 0.569] 0.571] -1.000] 0.542] 0.571] 0.769] 0.823] 0.571] 0.665] 0.623]
Geothermal 0.353 0.350| 0.356| 0.353| 0.339| 0.361| 0.353| 0.264| 0.284| 0.353| 0.588| 0.561| 0.353| 0.395 0.406|
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L__SE"ES Sensitivity to the Epochs

conference on systems engineering research

Across what fraction of epochs is a

solution “best value”?

| Information

{ Gathering
Alternatives
Evaluation

| Alternatives R

: Analysis

Analyses

0.818

0.000 I 0.000 0.000

NPT

0.636

0.455
0.091
0.000 0.000 0.000

¢ e & £ < B >
> & <O <O <O O
& & eff & & O
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o @ 3 R
) S ¢

Used to find passively value robust alternatives

CSER 2019

Tra d espace Conce pt Fuzzy Normalized Pareto Traces Results
1.000
- 0.900
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0.800
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0.100
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fNPT is the fuzzy Normalized Pareto Trace
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| =SS shifts Over Time: Across Eras
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How do solutions perform across time
shifting uncertainties?

| Infarmation
{Gatherlng
Alternatives
Evaluation
| Alternatives
: Analysis

gle Epo

Analyses Analysis

CSER 2019

Era Descriptions
Era . . - , -
Name Era Descriptor Category | Era Descriptor Epoch Sequence Duration per Epoch Era MAE: Environmental Era MAU: Environmental
s 1.00 1.00
1) Baseline
2) Fossil Fuel 1.5X 0% | 00
. N . =N ——Ni
Eral Policy Environment - - 3years 0.80 one 0.80 one
3) Neighbor Disagree 070 | —m—Solar Photovoltaic oo | —m—Solar Photovoltaic
4) Regulation - CO2 Ban . == Solar Thermal 060 | —i—Solar Thermal
f ——Wind Turbi —=—wind Turbi
1) Baseline go.so | ind Turbine Eum ind Turbine
. —=—Heat Pump ——Heat Pump
. 2) Fossil Fuel 2.0X 0.40 040 |
Era2 Economic Cost T 3 years ~®—Natural Gas Generator —a— Natural Gas Generator
3) Maintenance 2.0X 030 ¢ == Diesel Generator 030 | —+—Diesel Generator
4) Limited PrOdUCt Available 020 ¢ = Propane Generator 020 ¢ ~———Propane Generator
1) Baseline 010 | Heating Gil 010 | Heating Oil
N 0.00 000 !
Eral T h | HI-T h 2) NelghborAgrees 3 . 1o ~4—Geothermal ~+—Geothermal
ra echnology i-Tecl - years
3) Maintenance 0.5X Years
4) Regulation - CO2 Cap
Era MAE: Cost Era MAU: Cost Era MAE: Hi-Tech Era MAU: Hi-Tech
1.00 1.00 1.00 1.00
090 0.90 0.90 0.90
o | e vao M —emNone om0 | —#—None 0.80 W —4—None
=& Solar Photovoltaic =@—Solar Photovoltaic —@—Solar Photovoltaic —&=Solar Photovoltaic
0.70 070 ggg-i-i-ig ane an 0.70 0.70
—d—Solar Thermal ——Solar Thermal —d—Solar Thermal -8  ——Solar Thermal
0.60 ‘ ) 0.60 ) 0.60 ‘ ) 0.60 '
E 050 e Wind Turbine 2 050 s \Wind Turbine E 050 e Wind Turbine a 050 ot - p— ’ ’ , ====Wind Turbine
= e Heat Pump = s Heat Pump H ——Heat Pump = rallrsili . 4 g ——Heat Pump
0.40 .
00 ~—&—Natural Gas Generator —®—Natural Gas Generator 040 —&—Natural Gas Generator 0:40 —e— Natural Gas Generator
030 ~—Diesel Generator 030 ——Diesel Generator 0.30 ~—Diesel Generator 030 > —— Diesel Generator
0.0 | == Propane Generator 0.20 ~=Propane Generator 020 | = Propane Generator 0.20 ~—— Propane Generator
010 Heating Ol o0 Heating Ol 0.10 Heating Ol 010 Heating Ol
0.00 —+—Geothermal 0.00 —+—Geothermal 0.00 —4—Geothermal 0.00 —4—Geothermal
0 0 5 10
Years
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=4 Operational Value
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It can be useful to summarize trajectory data via an aggregation function
Pro: simplify analysis
Con: must make assumptions

Operational value: time-weighted average MAV, penalizing infeasibility
at a point in time with 0 or 1 score for MAU/MAE respectively

Era MAE: Environmental Era MAU: Environmental Era MAE: Cost Era MAU: Cost Era MAE: Hi-Tech Era MAU: Hi-Tech

om0 .
om0 | KK

R EEERE]

SgEsEssEgs

om
om0 om0
o - om0 o ===
2 0 0 0%
» 0 o 2
0 010 ™
om0 o om0 o ™
o o : M
e vears veas -
Operational Value: Environmental Era Operational Value: Cost Era Operational Value: Hi-Tech Era
1.00 1.00 1.00
0.90 0.90 0.90
0.80 # None 0.80 # None 0.80 # None
0.70 W Solar Photovoltaic 0.70 n M Solar Photovoltaic 0.70 M Solar Photovoltaic
Solar The | Solar Thi | Solar Th |
0.60 A Solar iermal 0.60 x A Solar ermal 0.60 A Solar ermal
= < Wind Turbine o “ Wind Turbine o * Wind Turbine
050 u 2 050 050 L]
= I Heat Pump - + Heat Pump = I Heat Pump
X
0.40 A ® Natural Gas Generator 0.40 * e ® Natural Gas Generator 0.40 A X ® Natural Gas Generator
0.30 Diesel Generator 0.30 Diesel Generator 0.30 | Diesel Generator
\ 4 A
0.20 - Propane Generator 0.20 -~ Propane Generator 0.20 - Propane Generator
010 [ Heating Oil 010 Heating il 010 L] Heating Oil
* | | *
0.00 * Geothermal 0.00 = # Geothermal ) % Geothermal
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00
MAE MAE
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EEEFI Trades Across Homeowners
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Interviewed Homeowner Preferences
1+ [ ) ] *
2 - 2 | | X
3 [ X A . X
4 - X ] . [ -
5 - L 2 - A X ]
6 - | | [ ] &®
74 X [ | 2 X ° A
8 - ! %® X [ ]
9 M@ T — i X
Y
Qe'b Q’(\(,* (_,0& : \;& ‘{\zé' §\‘$ e]{’\\' Ry %6\6
V‘Q & & Y \‘v %%0 X ) RS
v & S & @ 0 © & C
& o€ & Q¢ & v N &L &
S & & & KX &
V¥ ‘@(@ @'D ‘.\\,\0 & Q’(\e,
Q) (QQ €
&
# Homeowner 1 M Homeowner 2 A Homeowner 3 > Homeowner 4
“f Homeowner 5 ® Homeowner 6 = Average
CSER 2019

Homeowner 4

The “Average” Homeowner

Epoch: Baseline (N=6)
1.00
0.90 4 None
X
080 M Solar Photovoltaic
0.70 A Solar Thermal
0.60 ] . .
=) ° > Wind Turbine
< 0.50 A
= ¥ Heat Pump
0.40
0.30 * ® Natural Gas Generator
0.20 -+ Diesel Generator
0.10 = Propane Generator
0.00 Heating Oil
0.00 020 040 0.60 0.80 1.00 + Geothermal
MAE

Epoch: Baseline (N=6)

1.00
090

0.80 X # None

070 - m Solar Photovoltaic

A Solar Thermal

% Wind Turbine

AU
°
&
3

»

“f Heat Pump
0.40 * © Natural Gas Generator
0.30 Diesel Generator
0.20 ~Propane Generator
0.10 Heating Oil

# Geothermal

0.00 0.20 0.40 0.60 0.80 1.00
MAE

Epoch: Baseline
(N=6 out of 10)

1.00 +None
0.90
0.80 /}1?(—7- N M Solar Photovoltaic
0.70 ; 1 A Solar Thermal
5 0.60 [ n > Wind Turbine
g 050 R N
0.40 i # Heat Pump
0.30 : : ® Natural Gas Generator
0.20 i + Diesel Generator
g£ : : Propane Generator

000 020 040 060 080 100 Heating Oil
Geothermal
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L=EERA Average for All?
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Homeowner 4 Homeowner 2 The “Average” Homeowner

Fuzzy Normalized Pareto Traces Results Fuzzy Normalized Pareto Traces Results Fuzzy Normalized Pareto Traces Results
1.000 1.000 1.000
0.900 I 0.900 0.900
0.800 0.800 0.800
0.700 0.700 0.700
0.600 | 0.600 0.600
0.500 0.500 0.500
0.400 0.400 0.400
0.300 0.300 0.300
0.200 0.200 0.200
0.100 0.100 0.100
0.000 N 0.000 0.000
‘@z r & p & R & qu p r &@@c ,“e“"ﬁ ﬁ@ & & & c}‘gﬂ & & I\&‘)\Qz Q\}é\Q &@‘0‘ z@:@\ Qz*”@\ y & @6\% & .P & &@cz &q E‘é@‘ g & a« ‘é‘“ “é
3‘0& :)D\@( \‘-\\(\b Qf’"a @‘Pz %z\be. é&(gz & G?’o Q‘\o'@ 5 & \:i\‘\b Qﬁ ,;;:’e "v)bq}‘ (g,bz ‘(\v_'o p » & L’s@;\ $@° %“’D QLP@(‘ K & oaee. ‘2&% (oé’k
° ?}Q@\ & o« & @\9(’ & q@‘? L},\* @@0 &% &
<& & &
NPT ®10%fNPT 920%fNPT m30% fNPT m40% fNPT ENPT W10%fNPT m20%fNPT m30%fNPT  m40% NPT ENPT W10%fNPT m20%fNPT m30%fNPT m40% fNPT

Dsitrubted Generation Selection
Normalized Pareto Trace Operational Value
Homeowner Rank -
0% Fuzzy 10% Fuzzy 20% Fuzzy Enwro;r:ental Cost Era Hi-Tech Era
1st
Average Homeowner 2nd Heat Pump Heat Pump Heat Pump Solar Thermal Geothermal Solar Thermal
3rd Heating Oil Heating Oil Heating Oil Geothermal Heating Oil Geothermal
1st
Homeowner 4 2nd Heat Pump Heat Pump Heat Pump Solar Thermal Heating Oil Solar Thermal
3rd Heating Oil Heating Oil Heating Oil Geothermal Geothermal Geothermal
1st
Homeowner 2 2nd Heating Oil Heat Pump Geothermal Geothermal Solar PV Geothermal
3rd Solar PV Heating Oil Heat Pump Solar Thermal Heating Oil Solar Thermal
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| =TS Discussion
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Sy

| Information
ll Gathering

Alternatives
Evaluation

| Alternatives

Regulator

Era Descriptions
El
Na:e Era Descriptor Category | Era Descriptor Epoch Sequence Duration per Epoch
1) Baseline
Epoch Descriptions ) , 2) Fossil Fuel 1.5X
. Eral Policy Environment — - 3years
Epoch Descriptor Epoch . 3) Neighbor Disagree
Epoch Name . Range Units -
Category Descriptor 4) Regulation - CO2 Ban
Price Fossil Fuel Economic Fuel [1.0, 1.5, 2.0] Multiplier 1) Baseline
i i ioli n 2) Fossil Fuel 2.0X
Cost of Maintenance |Technology Maint [0.5, 1.0, 2.0] Multiplier Era2 Economic Cost 3years
Meighbor Opinion  |Social Opinion [Disagree, Meutral, Agree] Level 3) Maintenance 2.0X
Lt p . P gree, x 08 : 2) Limited Product Available
Product Available Economic Product [2,5, 10] Choices "
1) Baseline
CO2 Regulations Policy co2 [None, Cap, Ban] Level 2) Nei
" ghbor Agrees
Eral Technology Hi-Tech 3) Maintenance 0.5X 3years
4) Regulation - CO2 Cap
Dsitrubted Generation Selection
Normalized Pareto Trace Operational Value
Homeowner Rank -
Environmental .
0% Fuzzy 10% Fuzzy 20% Fuzzy £ Cost Era Hi-Tech Era
ra

: Analysis
. Utili
Neighbor ty
X Compan
P Visuals Yy
pinion Fuel Money
——— - ——— - - _—— -l - —
: — Money - ! co2
Distributed | <l
1 Generation 3| Homeowner '
I = Energy 'y | Compliance
— - ——————— — — e b — =]
Maint Money Product
oney A 4
- Origina
Maintenance .
Personnel Equipment
Manufacturer

Average Homeowner

Heat Pump

Heat Pump

Heat Pump

Solar Thermal

Geothermal

Solar Thermal

Heating Oil

Heating Oil

Heating Oil

Geothermal

Heating Oil

Geothermal

Homeowner 4 Heat Pump Heat Pump Heat Pump Solar Thermal Heating Oil Solar Thermal
3rd Heating Oil Heating Oil Heating Oil Geothermal Geothermal Geothermal
1st

Homeowner 2 2nd Heating Oil Heat Pump Geothermal Geothermal Solar PV Geothermal
3rd Solar PV Heating Oil Heat Pump Solar Thermal Heating Oil Solar Thermal

* EEA approach structured investigation of “robust” decisions across 2 timescales for uncertainty: point
futures (epochs) and time-series futures (eras)

» Different rankings for alternatives for epoch vs era robustness

* The values for decision makers are key in directing “best” solutions
* Care must be taken in recognizing difference between “average” and custom preferences

* When possible, decision makers are better off if treated as distinct

CSER 2019
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The “Average” Homeowner

I
o
3
™D
o)
2
>
D
=
N
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Era MAE: Environmental

Era MAU: Environmental

Homeowner 4 ﬁ

Years

1.00 1.00
0.90 0.90
0.80 —¢—None 0.80 | JESEe—eX Jok—=K  ——None
—=—S5olar Photovoltaic ~i=Solar Photovoltaic
0.70 0.70
—&—5Solar Thermal ~s—Solar Thermal
0.60 0.60 i ——
e Wi Turbine = =——Wind Turbine
< 0.50 < 0.50 '7
= —+—Heat Pump = ——Heat Pump
0.40 0.40
~—®—Natural Gas Generator ~&—Natural Gas Generator
0.30 . 0.30 .
~=—Diesel Generator —< == Diesel Generator
0.20 ——Propane Generator 0.20 = Propane Generator
0.10 Heating Oil 0.10 Heating Oil
0.00 ~#—Geothermal 0.00 : ~+—Geothermal
5 10 5 10
Years Years
Era MAE: Environmental Era MAU: Environmental
1.00 1.00
0.90 0.90
0.80 —+—None 0.80 (VAR IRV R R ¥ —+—None
Solar Photovoltai ==Solar Photovoltaic
0.70 == Solar Photovoltaic 0.70
== S0lar Thermal === Solar Thermal
0.60 0.60
—=—Wind Turbine o ——Wind Turbine
0.50 < 0.50
—+— Heat Pump = s Heat Pump
0.40 0.40
—&— Natural Gas Generator =& Natural Gas Generator
0.30 === Diesel Generator 0.30 —— Diesel Generator
0.20 —— Propane Generator 0.20 ~——Propane Generator
0.10 Heating Oil 0.10 Heating Oil
0.00 —+—Geothermal 0.00 ~+—Geothermal
5 10 5 10
Years Years
Era MAE: Environmental Era MAU: Environmental
1.00 1.00
0.90 0.90
0.80 —+— None 0.80 X—H(HHf 2 —+—None
Solar Photovoltai ==Solar Photovoltaic
0.70 == Solar Photovoltaic 0.70
) == S0lar Thermal === Solar Thermal
0.60 p 0.60
—=—Wind Turbine o ——Wind Turbine
2 050 2 050
= —+— Heat Pump = s Heat Pump
0.40 0.40
¥ —&— Natural Gas Generator =& Natural Gas Generator
030 i Diesel Generator 030 \ 9—4—4  ——Diesel Generator
0.20 Propane Generator 0.20 T N—e— —— Propane Generator
0.10 Heating Oil 0.10 Heating Oil
0.00 —+—Geothermal 0.00 ~+—Geothermal
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L.

The “Average” Homeowner

Homeowner 4 ﬁ
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Era MAE: Cost Era MAU: Cost
1.00 1.00
0.90 0.90
0.80 —+—None 0.80 JH‘(—)'HHK—N(—JHHK —4—None
—8—Solar P i i
0.70 Solar Photovoltaic 0.70 -5 ~—#—Solar Photovoltaic
—i—Solar Thermal == Solar Thermal
0.60 0.60
w —=—Wind Turbine = —=—Wind Turbine
Z 050 < 0.50
= e e ww  —=—Heat Pump = ====Heat Pump
0.40 - 0.40
—&—Natural Gas Generator =& Natural Gas Generator
0.30 N 0.30 N
{ ~—— Diesel Generator ~— Diesel Generator
0.20 ’ Propane Generator 0.20 == Propane Generator
0.10 l Heating Oil 010 Heating Oil
0.00 4o 44 . Geothermal 0.00 —+—Geothermal
5 10 10
Years Years
Era MAE: Cost Era MAU: Cost
1.00 1.00
0.90 0.90
0.80 ¥ None 0.80 M ¥ None
i -8 i
0.70 —&—Solar Photovoltaic 0.70 —&—Solar Photovoltaic
——Solar Thermal == Solar Thermal
0.60 0.60
w e \Nind Turbine =) s Wind Turbine
< 050 T 050 Ak
= —s—Heat Pump = b ——Heat Pump
0.40 0.40 —
—&—Natural Gas Generator { —&—Natural Gas Generator
0.30 . 0.30 .
~——Diesel Generator ——Diesel Generator
0.20 | , Propane Generator 0.20 == Propane Generator
0.10 l l Heating Oil 010 Heating Oil
0.00 ol 4+ _Geothermal 0.00 —+—Geothermal
10 10
Years Years
Era MAE: Cost Era MAU: Cost
1.00 1.00
0.90 0.90 [P,
0.80 —#—None 0.80 W o one
—&—Solar Phot i ——Solar Photovoltai
070 N olar Photovoltaic 0.70 /-_H olar Photovoltaic
y—4—¢  —i—Solar Thermal == Solar Thermal
0.60 0.60 |
w —8—8® ——wind Turbine E s Wind Turbine
0.50 0.50
= —s—Heat Pump = P—H ——Heat Pump
0.40 0.40 PP
—&—Natural Gas Generator —&—Natural Gas Generator
0.30 . 0.30 .
~——Diesel Generator ——Diesel Generator
0.20 [ Propane Generator 0.20 == Propane Generator
0.10 ] Heating Oil 010 Heating Oil
0.00 . * —4—Geothermal 0.00 —+—Geothermal
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Era MAE: Hi-Tech Era MAU: Hi-Tech
1.00 1.00
0.90 0.90
0.80 —+—None 0.80 W‘W —e—None
0.70 —@—Solar Photovoltaic 0.70 =& >50lar Photovoltaic
0.60 —de—Solar Thermal 0.60 .—.—R.-._{.-.-.\"_-_. =#r=Solar Thermal
w ——Wind Turbine 2 ——Wind Turbine
T h I’A 4 H E 00 A ——Heat Pump § 00 == Heat Pump
e Ve ra ge O m e OW n e r 040 ST —8—Natural Gas Generator o0 =®=Natural Gas Generator
030 ~—— Diesel Generator 0.30 * ~—— Diesel Generator
020 = Propane Generator 0.20 ~—Propane Generator
0.10 Heating Oil 0.10 Heating Oil
000 44— __Geothermal 0.00 —+—Geothermal
0 5 10 0 5 10
Years Years
Era MAE: Hi-Tech Era MAU: Hi-Tech
1.00 1.00
0.90 090
0.80 —+—None 0.80 ——None
0.70 —&—Solar Photovoltaic 070 —&—Solar Photovoltaic
060 ~s—Solar Thermal 060 \ = ‘ W8 —*—Solar Thermal
w 050 = Wind Turbine E 050 i \Wind Turbine
Homeowner 2 ﬁ = 0.40 —+—Heat Pump E 040 R ——Heat Pump
—&—Natural Gas Generator ¥ —o— Natural Gas Generator
030 ~—Diesel Generator 0-20 ~—— Diesel Generator
020 ==Propane Generator 0.20 * Propane Generator
0.10 Heating Oil 010 Heating Oil
0.00 00 44— 4 Geothermal 0.00 —+—Geothermal
1] 5 10 0 5 10
Years Years
Era MAE: Hi-Tech Era MAU: Hi-Tech
1.00 1.00
0.90 090
0.80 —+—None 0.80 w ——None
0.70 —&—Solar Photovoltaic 070 —&—Solar Photovoltaic
060 ~——Solar Thermal 0.60 = === Solar Thermal
P ——Wind Turbine E s i 'Et ——Wind Turbine
ﬁ = —+—Heat Pump : : % ——Heat Pump
H 0 m e OW n e r 4 040 —&—Natural Gas Generator 040 Lo T—)H B —o— Natural Gas Generator
030 —— Diesel Generator 0-20 ~N—o =% Diesel Generator
020 ==Propane Generator 0.20 ,r Propane Generator
0.10 Heating Oil 010 , Heating Oil
000 —4—4—0—¢ —4—9—9—9—¢ o _Geothermal 0.00 —+—Geothermal
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