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deep decarbonization

US 2050 Report

pathways to

 in the United States

What’s a nice biogeochemist 
like me doing in a ���

place like this?	




! It is technically feasible to reduce U.S. GHG emissions 
by 80% below 1990 by 2050, while supporting 
economic growth and services 

! This transformation of the U.S. energy system would 
require contributions from carbon cycle science and 
new approaches to monitoring & verification. 
•  Carbon sink from land use, land use change, & forestry 
•  Biomass used for Bio-energy 
•  Non-energy and non-CO2 GHGs (CH4, N2O, F-gases) 
•  Monitoring and verification must address 

infrastructure change, fuel switching, net-zero fuels 

Take Home Messages and Outline 

Torn/NACP/2015 



This talk is based on results of the  
U.S. Deep Decarbonization Pathways report 

• Part of the UN Deep 
Decarbonization Pathways 
Project.  

• National strategies to keep 
global warming below 2°C 

• Target is 80% reduction 
below 1990 by 2050   

• How do we get there from 
here? 

 

  

 
 
 
 

deep decarbonization

US 2050 Report

pathways to

 in the United States

Williams	  et	  al.	  Nov.	  2014	  	  	  
Report	  available	  at	  h7p://unsdsn.org	  	  

	  

Analysis Approach Torn/NACP/2015 



Electric	  Power	  
Industry

Transportation

Industry

Agriculture
Commercial
Residential

-‐1,000

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

8,000

1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

U
.S
.	  G

ro
ss
	  G
re
en

ho
us
e	  
G
as
	  E
m
is
si
on

s	  
	  

(T
g	  
CO

2-‐
eq

ui
va
le
nt
)	  

sinks

  

Based on US EPA Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990 – 2011, Table 2-2 

Total net 
1,079 Mt 
CO2e   

      2005   1990   2012   
US Gross:     7,254   6,230   6502 
US C Sink:  -1,031     -831    -979 
        Net   6,223   5,399   5,522 
MtCO2e 
 
 
 
 

2050 
US Gross:     2,059   
US C Sink:     - 979      
        Net      1,080 MtCO2e 

Current Emissions & 2050 Target 
net CO2e emissions 80% below 1990 by 2050 
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Based on US EPA Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990 – 2011, Table 2-2 

      2005   1990   2012   
US Gross:     7,254   6,230   6502 
US C Sink:  -1,031     -831    -979 
        Net   6,223   5,399   5,522 
MtCO2e 
 
 
 
 

2050 
US Gross:     2,059   
US C Sink:     - 979      
        Net      1,080 MtCO2e 

How do we get there from here? 
Back trajectory analysis, not a forecast. 
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PATHWAYS Model:  
Physical Infrastructure & Energy System 

•  Multi-sector U.S. energy system model  
(80 demand categories, 20 supply categories) 

•  Infrastructure stock rollover for 9 US census regions 
•  Annual time steps with equipment lifetimes, hourly dispatch 
•  Illustrates inertia of the physical energy system  
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Jones, A.D., Collins, W.D., Edmonds, J., 
Torn, M.S., Janetos, A., Calvin K.V., 
Thomson, A., Chini, L.P., Mao (2013) High-
Resolution Global Maps of 21st-Century 
Forest Cover Change. Science DOI: 
10.1126/science.1244693 

IPCC 2014; van Vuuren et.al. 2011 

GCAM was used to model  
non-energy and non-CO2 emissions 

•  Well-known IAM  (RCP4.5 in IPCC Fifth Assessment) 
•  Biomass production and indirect LUC emissions 
•  Non-energy and non-CO2 GHG mitigation  
•  Assess sensitivity to terrestrial carbon sink assumptions 

8 
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Design Principles  
•  Conservative assumptions about economy, lifestyles 
•  Technology is commercial or near-commercial 
•  Environmental sustainability (limits on biomass, hydro) 
•  Infrastructure inertia 
•  Electricity reliability 
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80% Reduction in CO2e by 2050  
is Achievable 

Based on US EPA Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990 – 2011, Table 2-2 

US	  GHG	  emissions	  

gross 
emissions 

sink 

net 
emissions 

U.S. 2050 Results 

Williams	  et	  al..	  2014	  
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3 Pillars of Decarbonization 
St
ra
te
gy
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U.S. 2050 Results 

Williams	  et	  al..	  2014	  
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U.S. energy system in 2014  
U.S. 2050 Results 

Williams	  et	  al..	  2014	  

Torn/NACP/2015 



Decarbonized energy system in 2050 
U.S. 2050 Results 

Pathways	  to	  Deep	  DecarbonizaRon	  in	  the	  United	  States,	  Mixed	  case	  results	  

Williams	  et	  al..	  2014	  

Torn/NACP/2015 
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14 

•  MulRple	  pathways	  to	  achieving	  climate	  
miRgaRon	  target	  in	  U.S.	  

•  Provide	  same	  levels	  of	  energy	  service	  
demand	  (VMT,	  EJ	  of	  heaRng	  and	  cooling	  
demand,	  industrial	  output)	  

•  Similar	  incremental	  costs:	  ~.5%-‐1.5%	  of	  
GDP	  

•  Similar	  amounts	  of	  final	  energy	  demand	  
•  Burden	  of	  proof	  should	  shi^	  to	  those	  

who	  say	  this	  can’t	  be	  done	  

 
Cost ~ 1% GDP 

(-0.2%  −  +1.8%) 
 
 
 

Per capita energy emissions  
(1.7 t/person) 

 

U.S. 2050 Results 

Williams	  et	  al..	  2014	  
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Implications for carbon cycle science 
research, manage, predict, verify 

Bio-Energy LULUCF Non-CO2 
GHGs 

Infrastructure 

LBL-USDA switchgrass 
M. Torn 

UMBS AmeriFlux site 
C. Gough 

US 2050 report 

Carbon Cycle Implications                   Torn/NACP/2015 



Carbon Cycle Implications 1: C Sink 

Forests and Forestry  
Cropland and Agriculture 
Grassland  
Wetlands  
Settlements  
Other Land   
 

Iversen, Lee, and Rocha. 2014. Understanding Land Use in the UNFCCC.  

LULUCF Carbon Pools  
•  Living biomass  
•  Dead organic matter 
•  Soil organic carbon 
•  Harvested Wood Products 

LULUCF Estimation 
•  Stock-Difference 
•  Flux measurements 
•  Activity levels and models 

Carbon sink due to Land Use, Land Use Change, 
and Forestry (LULUCF) is Pivotal but Uncertain 

Torn/NACP/2015 
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Based on US EPA Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990 – 2011, Table 2-2 

gross 
emissions 

sink 

net 
emissions 

CC	  ImplicaRons	  1:	  C	  Sink	  

Carbon Cycle Implications 1: C Sink 

Carbon sink due to Land Use, Land Use Change, 
and Forestry (LULUCF) is Pivotal but Uncertain 

1,080 Mt 
CO2e net 
emissions 

-979 Mt 
CO2e net 
sink 

2059 Mt 
CO2e gross 
emissions 

Williams et al. 2014 

Torn/NACP/2015 



Research needs 
•  Management 
•  Disturbance and legacy effects 
•  Land use change 
•  CO2 fertilization 

Carbon Cycle Implications 1: C Sink 

Iversen, Lee, and Rocha. 2014. Understanding Land Use in the UNFCCC.  

Carbon sink due to Land Use, Land Use Change, 
and Forestry (LULUCF) is Pivotal but Uncertain 

Canada: Area burned in managed 
forests, 1990-2009 (Mha) 

Carbon emissions from forests, 
1990-2009 (MtCO2) 

Torn/NACP/2015 



Bio-energy fills critical energy needs 

•  Diesel 
•  Diesel with CCS 
•  Decarbonized pipeline gas for 

industry, heavy duty vehicles 
•  Combined heat & power: pulp and 

paper industry 

Carbon Cycle Implications 2: Biomass 

Purpose-grown energy crops: Constrained at level that will not result in ILUC. Transition from corn-ethanol to perennials. 
Currently used: fuel wood, mill residues, pulp liq., and forest waste. Primarily used in combined heat and power generation, and 
direct fuel applications.          Williams et al. 2014 

Constrained at level that will not result in ILUC.  
Transition from corn-ethanol to perennials 
grasses and woody E feedstock. 

fuel wood, mill residues, pulp liq., and forest 
waste. Primarily used in combined heat and 
power generation, and direct fuel applications.  Dry biomass	  

Torn/NACP/2015 

Williams et al. 2014 



Research needs: assess and enhance 
sustainability of biomass production 

Carbon Cycle Implications 2: Biomass for Bioenergy 

Resources required for 1 Gt C y-1 sequestration  
by Bioenergy-CCS 

Land 0.5 
Mha 

•  Area of US maize in 
2010 

•  3 × area of US 
bioethanol 2010 

N Fert 4 Tg 
N y-1  

•  4% of global N 
fertilizer in 2009 

Switchgrass 
Water Consumption as ET 
 

160 gallons water per kg switchgrass 
grown  

Fraction of BCDR offset by N2O 
fluxes  

6-12%  c 

Planting all US corn-ethanol land with 
Miscanthus ~ 200 Mt dry biomass 

   

Meeting 371 Mt goal  
with Switchgrass 

 
 3 × area of US 

bioethanol in 2010 
 

4% of global N 
fertilizer in 2009 

 
 
 
 
   

Torn/NACP/2015 



Mitigation analysis needs: 
•  Amount, type, and cost 

Research needs: 
•  Sustainable production levels 
•  Sustainable production strategies 
•  Coordinate w/land use by other sectors 
•  Efficiently monitoring embedded carbon in 

bioenergy (cheap Life Cycle Analysis?) 

Carbon Cycle Implications 2: Biomass 

Research needs: assess and enhance 
sustainability of biomass production 

Torn/NACP/2015 



Non-CO2, non-energy GHGs become 
increasingly important 

Carbon Cycle Implications 3: Non-CO2 GHGs Torn/NACP/2015 



Fossil fuel 
combustion 
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2% 

Fossil fuel 
combustion 

CO2 
79% 

Other CO2 
5% 

CH4 
8% 

N2O 
6% HFCs, PFCs, 

SF6 
2% 

Energy:        5,066 Mt CO2e 
Non-energy: 1,435 Mt CO2e 
 

2012 EPA inventory 

Carbon Cycle Implications 3: Non-CO2 GHGs 

In U.S. Pathways, the fraction of non-CO2 GHG 
emissions jumps from 17% in 2012 to 60% in 2050 

2050 Pathways 

Energy:           750 Mt CO2e 
Non-energy: 1,309 Mt CO2e 
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Carbon Cycle Implications 3: Non-CO2 GHGs 

Iversen, Lee, and Rocha. 2014. Understanding 
Land Use in the UNFCCC.  

Because:  
•  Supply curve for mitigation gets very steep  
•  Sources are distributed, variable, and uncertain 
•  There has been less research on mitigation of non-

energy GHGs 

EPA. 2006. Global Mitigation of Non-CO2 Greenhouse Gases 

Non-CO2, non-energy GHGs could be 
>50% of emissions in 2050 

Torn/NACP/2015 



CH4 Emissions 

0	  

100	  

200	  

300	  

400	  

500	  

600	  

700	  

800	  

900	  

1990	   2010	   2050	  no	  
miRgaRon	  

2050	  with	  CO2	  
miRgaRon	  

	  2050	  with	  CO2	  
and	  non-‐CO2	  
miRgaRon	  

M
T	  
CO

2e
	  

Coal	   Gas	   Oil	   Ag	  and	  Land	  Use	   Waste	   Other	  

Carbon Cycle Implications 3: Non-CO2 GHGs 

Williams et al. 2014 
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Fugitive methane emissions 

•  Need to cut fugitive emissions 
•  Some will be cut by reduced activity level and by 

reduced distribution networks 
•  Need to better estimate fugitive emissions 

Methane anthropogenic 
sources: 

•  Miller et al. 2013 follow-up: extend 
period of study 

•  Ben Turner: Optimal Estimation of North 
American CH4 Emissions (GOSAT and 
ACME) 

EPA and EDGAR inventories underestimate 
anthropogenic CH4 emissions by 1.5-1.7x.  

Miller et al. 2013 

Carbon Cycle Implications 3: Non-CO2 GHGs  -- Energy-related CH4 
Torn/NACP/2015 



The transformation of the energy system presents 
new challenges to Monitoring and Verification 

2014	   2050	  

Petroleum	  

coal	  Nat	  gas	  

Carbon Cycle Implications 4: Infrastructure - Monitoring and Verification 

Williams et al. 2014 

Torn/NACP/2015 



Fuel Switching: electrification 

Carbon Cycle Implications 4: Infrastructure - Monitoring and Verification 

Light duty vehicles  
Buildings   
Industry  

Torn/NACP/2015 



109 points of combustion in 2010 
106 in 2050? 
103 in 2070? 

Lights	  from	  Space,	  2012	  
NASA	  Suomi	  NPP	  satellite	  

U.S.	  in	  2010	  
2	  x	  103	  Power	  Plants	  
230	  x	  106	  cars	  and	  trucks	  
5	  x	  106	  Industrial	  boilers	  
ResidenRal&Commercial:	  

Water	  Heaters	  
Space	  heaters	  
Food	  preparaRon	  

Carbon Cycle Implications 4: Infrastructure - Monitoring and Verification 

Torn/NACP/2015 



C-neutral fuels 
Life cycle analysis 

Carbon Cycle Implications 4: Infrastructure - Monitoring and Verification 

Williams et al. 2014 

Torn/NACP/2015 



Implications of having fewer points of 
combustion and more C-neutral fuels  

•  Fewer emission sources. Most CO2 release is net-carbon-neutral.   
•  There is a signal:noise challenge for attributing CO2 to fossil fuels, 

because of net-neutral CO2 emissions, and the offset is far away.   
•  Large fraction of pipeline methane may be net-carbon neutral 

 
"  14C becomes critical for attribution.  
"  13C utility decreases because of multiple pipeline gas sources 
"  Life cycle analysis needed to verify carbon-neutrality 

Carbon Cycle Implications 4: Infrastructure - Monitoring and Verification 

 
 

Torn/NACP/2015 



 
 

M&V Goal 1. Verify that everyone is playing by the rules.  
What is new/different: In the Deep Decarbonization case, emphasis on 
tracking infrastructure, rather than activity 

M&V Goal 2. Monitor and attribute fossil (or net-CO2) emissions.  
What is new/different: Fewer sources, more are carbon-neutral. 
14C  more important, 13C less important relative to today. 
More Life cycle analysis to track net-zero emissions.  
 
M&V Goal 3. Monitor other anthropogenic emissions.  
What is new/different: Increased emphasis on fugitive emissions (pipeline 
and CCS) and non-energy emissions 
 
M&V Goal 4. Quantify & attribute change in atmospheric GHGs 
What is new/different: Attribution will take place at larger scales because 
energy system more interconnected. Will it make sense to monitor cities?  

•  What the change in energy infrastructure means for monitoring and 
verification 
1. this is accomplished through large scale infrastructure change 
2. does this mean we don’t need M&V?  do we need atmospheric M&V? 
3. M&V is only one component of policy-relevant science now, and will 

be only part (and a different part) in the future.  It will be different that 
people currently imagine it. 

4. Jim’s philosophical comments: when people imagine a pledge and 
commit world now, their imagination is constrained by a world that is 
changing emissions by changes in activity levels that are driven by 
pricing. A world that countries enter into reluctant to enter into, to 
minimize the damage to their economies. Mitigation cost is imagined 
as a net loss of welfare. In contrast, we show that a DD world would 
be one  with a new energy economy that involves a great deal of 
investment and trade in fixed assets. And fixed assets displacing 
fuels.  (not necessarily true for transportation). There will be a tipping 
point where countries stop seeing this as a tax but rather as a 
direction they need to go in, like they see IT and genomics. Part of 
the economic future of countries.  

5. Solution to the equity problem: china and india are going to figure out 
a way that it develops their economy to be involved in this, with 
significant trade manufacturing.  

6. The implications of this for M&V is no longer how much do you run 
your coal plant but rather have in installed infrastructure.  

7. Infrastructure: monitor with Remote Sensing. Need trace gas 
measurements designed for the global view and maybe not for 
regional specifics. 

8. Graph depends on shape of plot of adoption vs year. If lots of 
countries rush to change vs slow.  How quickly does world change? 

9. M&V with continuous emissions change rather than infrastructure 
change—implications for research and M&V budget. Your 
assumptions about how fast the world changes only fit in one 
quadrant of the big picture.  

10. Therefore, whether the world is going to change fast or not, there 
are many other implications for CC Science that are true regardless.  
These follow: 

Carbon Cycle Implications 4: Infrastructure - Monitoring and Verification 

Deep decarbonization poses new challenges for 
Monitoring and Verification 

Torn/NACP/2015 



! It is technically feasible to reduce U.S. GHG 
emissions by 80% below 1990 by 2050, while 
supporting economic growth and services 

! This transformation of the U.S. energy system 
requires contributions from carbon cycle science 
and new approaches to monitoring & verification. 
•  Carbon Sink is pivotal but uncertain (LULUCF)  
•  Biomass fills critical energy needs  
•  Non-CO2 GHGs will be larger fraction of emissions  
•  Monitoring and verification must address 

infrastructure change, fuel switching, net-zero fuels 

Take Home Messages: U.S. Deep Decarbonization and Carbon 
Cycle Implications 

Torn/NACP/2015 



Research needed for prediction, management, 
monitoring, and verification 

Bio-Energy LULUCF Non-CO2 
GHGs 

Infrastructure 

LBL-USDA switchgrass expt. 
M. Torn 

UMBS AmeriFlux site 
C. Gough 

U.S. Deep Decarbonization and Carbon Cycle Implications   Take Home Messages: U.S. Deep Decarbonization and Carbon 
Cycle Implications 
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Thank you"
"

"
"

35 
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