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Uncertainty in the US energy sector

* Previous work done by the Office of Research & Development at US EPA applied the Future
Scenarios Method to develop Energy Future scenarios*

Future Scenarios Method steps:
« Conducted a workshop to gather expert opinion from internal and external experts

» Selected the two most important uncertainties and developed a scenario matrix: technology
evaluation and societal preferences

e Constructed narratives describing the matrix’s four scenarios

e Developed a 2x2 scenario matrix. The method is adaptable, however, and could be used to
develop more or fewer scenarios

*Manuscript in preparation: ‘"Evolution of the US energy system and related emissions under varying social and technological development paradigms: Plausible
scenarios for use in robust decision making"’ by Brown et. al (2017)



Scenario matrix to capture energy sector
EPA " Y

Vo Y
A4 uncertainties

Conservation is motivated by iSustainability is powered by
environmental considerations. technology advancements, and
Assumptions include decreased New Paradigms assumes aggressive adoption of
travel, greater utilization of solar power, battery storage,
existing renewable energy and electric vehicles,

resources, energy efficiency accompanied by decreased

and conservation measures - - . -1 travel as a result of greater
adopted in buildings, and Conservation SIS et Y el SRS

reduced home size for new
construction.

Technolog

Stagnant

Go Our Own Way includes

. assumptions motivated by energy
Muddling security concerns. These
Through assumptions include increased
use of domestic fuels, particularly
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Muddling Through has limited
technological advancements and
stagnant behaviors, meaning
electric vehicle use would be
highly limited and trends such as coal and gas for electricity
urban sprawl and increasing per- production and biofuels, coal-to-
capita home and vehicle size Old and Known Patterns liquids, and compressed natural
would continue. gas in vehicles.

‘Role of future scenarios in understanding deep uncertainty in long-term air quality management’ by Gamas et. al (2015)



Additional uncertainty components within the US
energy system

« With alternative electricity generation and vehicle technologies becoming economically
feasible for commercial scale applications, the US electric power generation and vehicle
fleet mix may undergo significant changes

e The uncertainty in upstream methane emissions from natural gas fired electricity
could offset the benefits of transitioning from coal to NG fueled power plants

» Economic factors and societal perceptions of risks associated with operation of fossil-
fired and nuclear power plants may result in early shut-down of coal or nuclear power
plants

e Changes in international trade-relations and creation of new trade routes could result in
changes in the price and magnitude of the import and export of fuels resulting in changes
In the electric power sector

» These changes could also impact domestic production of industrial goods



S EPA Analysis Incorporating Additional Uncertainties in
7 Energy Sector

New Paradigms

» The four energy future scenarios are modified to each consider twelve
different cases to include:

Conservation iSustainability

Stagnant

[ ]
uonbWLIOfSun.if

Early retirement/ Extended lifetime of coal and nuclear plants

Muddling
Through

Changes in oil and natural gas prices

i Old and Known
Changes in natural gas exports Patterns

Changes in assumptions regarding the upstream methane leakage rates for natural gas-fired
electricity

» These cases are then implemented in EPA’'s MARKAL database for further analysis



\el EPA MARKAL case studies

T

Base 0% 2.3% 0% 50 50
1 40
60
2 15%
- 60
3 40
11.7%
4 40
60
5* 0%
- 60
6 40
15%
7 40
60
8 15%
- 60
9 40
2.3%
10 40
60
11" 0%
- 60
12 40

“The MARKAL cases that did not demonstrate significant changes relative to base/ other cases are in gray colored font



S EPA Modeling US energy system using EPAUS9r MARKAL
N7 database

* BOttom_up and teChnOIOgy‘“Ch Primary Processing & conversion of energy carriers End-use sectors
o Captures the full system from energy _eE - e o
resource supply/extraction technologies to -~ '
end-use technologies in all sectors Refining & processing Transportation
» Energy technologies (existing and future Fossil fuels _
techs) are characterized by cost, efficiency, ' ﬂ: B |
fuel inputs, emissions Gasiication_comimstombrsed | | 12 roduction
Biomass on
« Technologies are connected by energy @ ',;;;-, :
flows - . . L N @
» Covers 9 US Census divisions enrichment Carbon.
) ) ) -"r‘- ?- e .‘(."-_ sequestration
e Optimization _ |
3 - . Wind, solar & _ > .- =
* The model picks the “best” way (lowest hydro resources Direct electriciy industry
system-wide cost) to meet energy demands
choosing from the full “menu” of energy « Emissions and impacts
resources and technologies

: « All technologies and fuels have air and GHG
 The model makes these choices from 2005 emissions characterized

B ingitsa SRR oLl possivle « Standards and regulations are included in the baseline,
future energy mixes " " 7
and additional policies can be modeled
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Results: Coal-based electricity

Relative changes in coal based generation in
all four futures with respect to the base case
ranges from mostly negative in the
ISUStainability and MUDdL.ing through

futures to ~0% change in CONServation and

Go Our Own Way (GOOW) futures

5254
' MARKAL | % CH, | % s | ©o Absence of price spike in
New Paradlgms Case emissions, | Price exports | plant NG-+Oil p|t - :)
NG-based | spike — life Il results I!‘l .OWGI‘
electricity | NG (years) coal based electricity
d
487 g7y o (case 1 vs. case 4) for all
il
four futures
I 2035 1 11.7% 15% 15% 40
0, 0, 0, H
Case 1 Case 2 Case 4 Case 1 Case 2 Case 4 2 11.7% 15% 15% gD Desplte Stagnant ]
CONS ISUS 4 11.7% 15% 60 technology and no social
Base 2.3% 50 trends in improving

sustainability in the
MUDdLing through
future, electricity
generation is found to
depend more on NG than
coal

CONServation future has

» Slight increase in coal based generation
observed when there is an extension of coal
plant life (case 1 vs. case 2) for
CONServation and Go Our Own Way
(GOOW) futures

Old and known patterns lower demand allowing it
to use more coal-fired

Coal-based electricity generation (PJ), 2045 electricity



wEPA Results: NG-based electricity

Stagnant

New Paradigms

7566

5436 5555 I

Case 1 Case 2 Case 4
ISUS

12873 12998 13225

Case 1 Case 2 Case 4
MUDL

Old and known patterns
NG-based electricity generation (PJ), 2045

9234

8057 7891 I

Case 1 Case 2 Case 4
GOOW

Transformation

MARKAL | % CH, % Price % NG | Coal
Case emissions, | spike — exports | plant
NG-based | NG and life

electricity | Oil (years)
1 11.7% 15% 15% 40
2 11.7% 15% 15% 60
4 11.7% - 15% 60
Base 2.3% - - 50

For all four futures, absence of price spikes in NG results in increase in NG-
based electricity generation (Case 1 vs. Case 4)

For the Go Our Own Way (GOOW) and CONServation futures, there is a slight

decrease in NG-based electricity for extension in coal plant lifetime (Case 2 vs.
Case 1)

MUDdLing through future demonstrates a ~45% increase in NG-based
electricity relative to base case

Go Our Own Way shows 3-14% increase in NG-based electricity relative to
base, when there are no price spikes or early retirements of coal units.



SEPA Results: Renewable electricity

New Paradigms

32383264
2906 2882

I ] I i
Solar Wind
ISUS

2662 2681

2264
18151791
I I 1414

Solar Wind
CONS

Stagnant

1379 1396 1358
1076 1068 1129

Solar Wind
MUDL

1077 1083 1100
792 809 795

Solar Wind
GOOW

Old and known patterns

Renewable electricity generation (PJ), 2045

Transformation

2

MARKAL | % CH, % Price % NG Coal
Case emissions, NG- spike — NG exports plant life
based electricity | and Oil (years)

11.7% 15% 15% 60

Renewable electricity generation increased in ISUStainability and
CONServation futures, for cases when there is a price spike in NG + Oil

In both MUDdL.ing through and Go Our Own Way futures, renewable
electricity generation is lower, and showed relatively lower sensitivity to
price spikes and coal plant life extensions

For all futures except for MuDdLing through, results indicated ~189 PJ
geothermal electricity

~1100 PJ of hydo-electricity was observed across all four future scenarios
10
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Billion Vehicle Miles Travelled by vehicle fuel type for Case 4, 2045

Results: Vehicle fuel mix

Convention ) Hybrid
al gasoline - Diesel- Liguid Gasoline
Energy g Internal . Electric 85% Ethanol
Year Internal ) Petroleum ) and
Future . _|Combustion \Vehicle ) Fuel
Combustion Engine Gas Electric
Engine g \ehicles
ISUS 2045 26.2 31.6 0.0 1030.6 0.0 0.0
CONS 2045 26.2 31.6 0.0 0.0 0.0 2888.3
MUDL 2045 3295.5 40.7 0.0 0.0 460.8 210.0
GOOW 2045 30.0 36.2 0.0 0.0 2502.6 0.0
BASE 2045 3008.2 36.2 0.0 360.1 0.0 157.3
All futures 2005 2642.77 19.2 11.02 1.92 0 7.87

2005 is a calibration year in the MARKAL model so the vehicle fuel mix is the same
across all futures including the base case

NG+Oil Price spikes or coal plant extensions do not result in significant changes in the
vehicle fuel mix for any given future, and hence are not presented here

Conservation

Stagnant

New Paradigms

iSustainability

Technolog

Muddling
Through

UO!JDWJO]SUDJ_[_

Old and Known
Patterns

MARKAL | % CH, % Price % NG | Coal
Case emissions, | spike— NG [ exports | plant

NG-based | and Oil life

electricity (years)
4 11.7% 15% 60
BASE 2.3% 50

11




wEPA Results: Electricity Prices (normalized)

 Peak and LCOE values are lower in the

- : ) . ) ) New Paradigms
Electricity prices absence of price spikes in domestic NG
normalized by base | Average |o .\ pricel | COE and oil (Case 4 vs. Case 1) for all four
scenario electricity Price . L
prices futures LTI | isustainability
Case 1l 1.02 1.03 1.03 S
« Go Our Own Way (GOOW) future S ——
ISUS | Case?2 1.03 1.03 1.02 showed the highest increase in electricity §’ s
Case 4 0.95 1.02 1.02 prices relative to the Base Scenario Muddling
Through
Case 1 1.17 0.96 1.01 i i
» Despite decreased demand levels in the

CONS | Case?2 117 1.01 1.01 CONServation future, this is the second oy

Case 4 1.09 0.85 1.02 most expensive followed by & ::tte'f;';’w"

Case 1 1.00 0.71 115 ISUStainability and MUDdL.ing through

futures

Rl St 2 101 0.71 114 MARKAL | % CH, % Price % NG | Coal

Case 4 0.98 0.66 1.18 Case emissions, spike — exports | plant

NG-based NG and life

Case 1 1.31 1.50 1.35 electricity Qil (years)
GOOW Case 2 1.29 1.51 1.34 1 11.7% 15% 15% 40

Case 4 1.22 1.36 1.34 2 11.7% 15% 15% 60

Base Scenario 1 I I . LS ) 15% 60
Base 2.3% - - 50 12
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1,131,697 I Loy

Case 1

Stagnant

1,405,668

Case 1

» \Water consumption is the water lost to evaporation or other losses
due to electric power generation not returned to original water body

1,223,076

Case 2
CONS

1,464,010

Case 2
MUDL

Water consumption (million gallons), 2045

Results: Water consumption in electricity sector

New Paradigms

Case 4

1,400,782

Case 4

Old and known patterns

1,114, 590

Case 1

1,322,979

Case 1

1,190,206

Case 2
ISUS

1,420,777

Case 2
GOOW

1,177,589

Case 4

1,302,711

Case 4

Transformation

MARKAL % CH, % Price % NG Coal
Case emissions, spike — NG | exports plant
NG-based and Oil life
electricity (years)
1 11.7% 15% 15% 40
2 11.7% 15% 15% 60
4 11.7% - 15% 60
Base 2.3% - - 50

Water consumption is found to increase with an extension of coal plant
lifetime (Case 1 vs. Case 2) for all four energy futures

The MUDdL.ing through and Go Our Own Way (GOOW) futures show
higher water consumption levels due to higher dependence on
conventional electricity generation

Looking at the water withdrawal metric instead of water consumption
may demonstrate slightly different trends of water use (back-up slide)

Other factors such as thermal pollution of water may need to be
considered to provide a comprehensive analysis of impacts of energy

system Uncertainty on water resources
13
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Results: PM,, Emissions

Stagnant

New Paradigms
3999
3922 Sl

I I I I i

Case 1 Case 2 Case 4 Case 1 Case 2 Case 4
CONS ISUS

3151 3120

Transformation

3544 3488

Case 1 Case 2 Case 4
MUDL

Old and known patterns
PM,, emissions (kTonnes), 2045

3352

3222

Case 1 Case 2 Case 4
GOOWwW

PM,, emissions in all the four futures are lower than the base scenario

MARKAL | % CH, % Price % NG Coal
Case emissions, spike — exports | plant
NG-based NG and life
electricity Oil (years)
1 11.7% 15% 15% 40
2 11.7% 15% 15% 60
4 11.7% - 15% 60
Base 2.3% - - 50

PM,, emissions increased with coal plant life

extensions for the CONServation and Go Our Own
Way (GOOW) futures

ISUStainability future with a high proportion of low
carbon energy sources has the lowest PM;, emission

rates

The MUDdLing through, Go Our Own Way and
CONServation futures show progressively higher

emission rates

14
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Results: CH, Emissions

New Paradigms

49,533 49,748 95,165
43,759 43373 46:735 ’ ’

Casel Case2 Case4 Case7 Case8 Case 10

13,088 13,047 13,863

13,846 13,877 15,033
[ [ [ |

Casel Case2 Case4 Case7 Case8 Case 10

Stagnant

94,224 93,891 27967
24364 24270 25187

Casel Case2 Case4 Case7 Case8 Case 10
MUDL

57,047 57,721 61193
16,322 16,306 16,821

Casel Case2 Case4 Case7 Case8 Case 10
GOOWwW

Old and known patterns
CH, emissions (kTonnes), 2045

ion

Transformat

MARKAL % CH, % Price spike | % NG Coal

Case emissions, — NG and Oil exports plant life
NG-based (years)
electricity

1 11.7% 15% 15% 40

2 11.7% 15% 15% 60

4 11.7% - 15% 60

7 2.3% 15% 15% 40

8 2.3% 15% 15% 60

10 2.3% - 15% 60

Base 2.3% - - 50

« The large difference in CH, emissions between Case 1
and Case 7 across all four energy futures is due to the
CH, leakage rate assumption for NG-based electricity
generation

» Absence of price spikes in NG results in an increase in
CH, emissions — this increase is more noticeable for
cases with high values of CH, leakage rate assumptions

for NG-based electricity generation .




Results: CO, Emissions

4,833,110 4,850,940 4.926,520 4833110 4,850,940 4:926,520

Case 7

Case 1

Stagnant

6,532,330 6,511,790 6,500,450 6,532,330

Case 7

Case 1

Case 2

Case 2

Case 4

CONS

Case 4

MUDL

New Paradigms

Case 8 Case 2

Case 10 Case 1

6,511,790 6,500,450

Case 8 Case 10 Case 1 Case 2

Old and known patterns
CO, emissions (kTonnes), 2045

Case 4 Case 7
ISUS

Case 4 Case 7

GOOW

4,334,880 4316100 4461180 4334880 4316100 4461180

Case 8

Case 8

Case 10

5,200,290 5,215,980 g 104 300 520,290 5215980 5 104 320

Case 10

Transformation

MARKAL % CH, % Price % NG Coal

Case emissions, | spike — NG exports | plant
NG-based | and Oil life
electricity (years)

1 11.7% 15% 15% 40

2 11.7% 15% 15% 60

4 11.7% - 15% 60

7 2.3% 15% 15% 40

8 2.3% 15% 15% 60

10 2.3% - 15% 60

Base 2.3% - - 50

CO, emissions are not impacted by
methane leakage rate assumptions and
these emissions are several orders of
magnitude higher than methane

System-wide Global Warming Potential
(GWP) unaffected by methane leakage
rate assumptions across cases in the
same future 16




Summary of Results

* In addition to social paradigms and technological advancements, natural gas/oil price
spikes and coal plant life extensions were found to be two major sources of additional
uncertainty that could significantly impact:

 Electric power generation mix

 Electricity Prices

« Water Consumption due to electric power generation
e Emission levels

e | arge system-wide CH, emission changes are observed by comparing cases with widely
different CH, leakage rates from Natural Gas based electricity generation

* However, the overall impact on the system-wide Global Warming Potential (GWP) is minimal since
the magnltude of CH, emissions is several orders of magnitude lower than CO,: a major contributor
to system-wide GWP

« Change In Natural Gas exports at a national level are not found to be very impactful
» Scenarios considering changes in regional export levels are currently being modeled as a next step



Next Steps

» Analysis for assessment of impacts of additional sources of uncertainty at a regional
level

» Apply the four energy future scenarios and additional sources of uncertainty to two given regions to
compare and contrast the impacts at a regional scale

» Assess the resilience of the regional energy grid
« Based on assessment of impacts of additional sources of uncertainty at a regional level

» Explore the applicability of system dynamic technigues to resilience studies based on the
diverse regional energy infrastructure portfolios obtained from previous analysis



wEPA Disclaimer

The views expressed in this presentation are those of the authors and do not necessarily represent
the views or policies of the U.S. Environmental Protection Agency.
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Questions?

bandyopadhyay.rubenka@epa.gov
kaplan.ozge@epa.gov
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Backup slide: Water withdrawn in the electricity sector

New Paradigms

30,353

Case 1

Stagnant
Transformation

32,964

Case 1 Case 2 Case 2
MUDL GOOW

Old and known patterns .

Water withdrawn (billion gallons), 2045

MARKAL | % CH, % Price % NG Coal
Case emissions, spike — exports | plant
NG-based NG and life
electricity Oil (years)
1 11.7% 15% 15% 40
2 11.7% 15% 15% 60
4 11.7% - 15% 60
Base 2.3% - - 50

(back)

Water withdrawn is the water diverted from water
bodies (such as rivers, lakes, reservoirs etc.) by electric
power plants. Most of the withdrawn water is returned

after being used for cooling purposes etc. by the power
plant

Graph indicates the difference in trends of water use
among energy futures when considering different
metrics: water consumption vs water withdrawn
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