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Cars, homes: easy to decarbonize through 
electrification
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“Energy services such as light-duty transportation, heating, cooling, and lighting may be relatively 
straightforward to decarbonize by electrifying…”

(NaOH)] together with metal catalysts to pro-
duce hydrogen at an efficiency of 50 to 60% and
a cost of ~U.S. $5.50/kg H2 (assuming industrial
electricity costs of U.S. $0.07/kWh and 75% uti-
lization rates) (29, 30). At this cost of hydrogen,
the minimum price of synthesized hydrocarbons
would be $1.50 to $1.70/liter of diesel equivalent
[or $5.50 to $6.50/gallon and $42 to $50 per GJ,
assuming carbon feedstock costs of $0 to 100 per
ton of CO2 and very low process costs of $0.05/
liter or $1.50 per GJ (28)]. For comparison, H2

from steam reforming of fossil CH4 into CO2 and
H2 currently costs $1.30 to 1.50 per kg (Fig. 3D,
red line) (29, 31). Thus, the feasibility of syn-
thesizing hydrocarbons from electrolytic H2 may
depend on demonstrating valuable cross-sector
benefits, such as balancing variability of renew-
able electricity generation, or else a policy-imposed
price of ~$400 per ton of CO2 emitted (which
would also raise fossil diesel prices by ~$1.00/liter
or ~$4.00/gallon).
In the absence of policies or cross-sector coor-

dination, hydrogen costs of $2.00/kg (approaching
the cost of fossil-derived hydrogen and synthe-
sized diesel of ~$0.79/liter or $3.00/gallon) could
be achieved, for example, if electricity costs were
$0.03/kWh and current electrolyzer costs were
reduced by 60 to 80% (Fig. 3B) (29). Such reduc-
tions may be possible (32) but may require central-
ized electrolysis (33) and using less mature but
promising technologies, such as high-temperature
solid oxide or molten carbonate fuel cells, or
thermochemical water splitting (30, 34). Fuel
markets are vastly more flexible than instan-
taneously balanced electricity markets because

of the relative simplicity of large, long-term
storage of chemical fuels. Hence, using emissions-
free electricity to make fuels represents a critical
opportunity for integrating electricity and trans-
portation systems in order to supply a persistent
demand for carbon-neutral fuels while boosting
utilization rates of system assets.

Direct solar fuels

Photoelectrochemical cells or particulate/molecular
photocatalysts directly split water by using sunlight
to produce fuel through artificial photosynthesis,
without the land-use constraints associated with
biomass (35). Hydrogen production efficiencies
can be high, but costs, capacity factors, and life-
times need to be improved in order to obtain an
integrated, cost-advantaged approach to carbon-
neutral fuel production (36). Short-lived labora-
tory demonstrations have also produced liquid
carbon-containing fuels by using concentrated
CO2 streams (Fig. 1H) (37), in some cases by
using bacteria as catalysts.

Outlook

Large-scale production of carbon-neutral and
energy-dense liquid fuels may be critical to achiev-
ing a net-zero emissions energy system. Such fuels
could provide a highly advantageous bridge be-
tween the stationary and transportation energy pro-
duction sectors and may therefore deserve special
priority in energy research and development efforts.

Structural materials

Economic development and industrialization
are historically linked to the construction of in-

frastructure. Between 2000 and 2015, cement and
steel use persistently averaged 50 and 21 tons per
million dollars of global GDP, respectively (~1 kg
per person per day in developed countries) (4).
Globally, ~1320 and 1740 Mt CO2 emissions em-
anated from chemical reactions involved with the
manufacture of cement and steel, respectively
(Fig. 2) (8, 38, 39); altogether, this equates to
~9% of global CO2 emissions in 2014 (Fig. 1,
purple and blue). Although materials intensity
of construction could be substantially reduced
(40, 41), steel demand is projected to grow by 3.3%
per year to 2.4 billion tons in 2025 (42), and ce-
ment production is projected to grow by 0.8 to
1.2% per year to 3.7 billion to 4.4 billion tons in
2050 (43, 44), continuing historical patterns of
infrastructure accumulation andmaterials use seen
in regions such as China, India, and Africa (4).
Decarbonizing the provision of cement and

steel will require major changes in manufac-
turing processes, use of alternative materials
that do not emit CO2 during manufacture, or
carbon capture and storage (CCS) technologies
to minimize the release of process-related CO2

to the atmosphere (Fig. 1B) (45).

Steel

During steel making, carbon (coke from coking
coal) is used to reduce iron oxide ore in blast
furnaces, producing 1.6 to 3.1 tons of process
CO2 per ton of crude steel produced (39). This
is in addition to CO2 emissions from fossil fuels
burned to generate the necessary high temper-
atures (1100 to 1500°C). Reductions in CO2 emis-
sions per ton of crude steel are possible through
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Fig. 2. Difficult-to-eliminate
emissions in current context.
(A and B) Estimates of CO2

emissions related to different
energy services, highlighting
[for example, by longer pie
pieces in (A)] those services
that will be the most difficult
to decarbonize, and the
magnitude of 2014 emissions
from those difficult-to-
eliminate emissions.The
shares and emissions shown
here reflect a global energy
system that still relies
primarily on fossil fuels and
that serves many developing
regions. Both (A) the shares
and (B) the level of emissions
related to these difficult-to-
decarbonize services are
likely to increase in the future.
Totals and sectoral break-
downs shown are based
primarily on data from the
International Energy Agency
and EDGAR 4.3 databases
(8,38).The highlighted iron and steel and cement emissions are those related
to the dominant industrial processes only; fossil-energy inputs to those
sectors that are more easily decarbonized are included with direct emissions
from other industries in the “Other industry” category. Residential and

commercial emissions are those produced directly by businesses and
households, and “Electricity,” “Combined heat & electricity,” and “Heat”
represent emissions from the energy sector. Further details are provided in
the supplementary materials.
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EVs can be a resource instead of burden
5

Controlled charging 
• 1-directional energy flow
• Shift charging to periods of lower cost

Vehicle-to-grid (V2G)
• 2-directional energy flow
• Storage

Uncontrolled charging • 1-directional energy flow
• Timing often during evening peak (high costs, 

high greenhouse gas (GHG) emissions)

Vehicle-to-home (V2H) • 2-directional energy flow
• Energy not sold back to the grid
• Storage



Are there 
synergies 
between home 
and vehicle 
electrification?
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Charging strategy

Uncontrolled Controlled V2H
Baseline heating x x

Heat pump heating x x

If SOC <= 40%, charge to 80% 
at the first opportunity

minimize sum(vehicle charging 
electricity costs + monetized 

GHG externalities); 
2 weeks foresight; 

driving needs always met

minimize sum(all household 
electricity costs + monetized GHG 

externalities); 
2 weeks foresight; 

driving needs always met;
home electricity needs always met



8
Steps

Lifetime impact 
assessment

Method & data Outcome of the step

Life-cycle GHG emissions
Lifetime household costs

Life-cycle analysis
Fuel-cycle: 

NREL Cambium
Vehicle-cycle: 

Argonne GREET

Key assumptions

EV energy 
consumption

EV charging and 
V2H simulation

Driving energy consumption
432 regions x 15 vehicles

Hourly EV 
charging profiles or V2H operation

• Fuel economy: EPA rated fuel 
economy

• Hourly residential end-use profiles: 
NREL ResStock 

• Electricity prices: 
NREL Cambium

Degradation 
analysis Battery life estimation

• Battery degradation model:
NREL: BLAST-Lite

Driving profile 
simulation

Hourly vehicle activity profile for 1 yr; 
trip origin /destination categories and 

times 

Synthesis with NHTS
• Daily-->Annual driving profiles

EVs meet the same driving demand 
as ICEVs

Assess battery capacity loss with 
calendar and cycling aging

Perfect foresight of driving needs, electricity 
system operation for 
20 days; 20-80% SOC;

10kW charging/ discharging

15-year vehicle lifetime
Locational marginal prices + adder

Short run marginal emissions, updated in 2024, 
2030, 2040

Adjust efficiency based on temperature 
using method developed by Wu et al. 2019

Chen, J. et al. Vehicle-to-home charging can cut costs and greenhouse gas emissions across the USA. Nat Energy 10, 1458–
1469 (2025).
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V2H cuts lifetime charging costs relative to 
uncontrolled and controlled charging
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In parts of Texas and California, V2H savings 
could exceed charging costs
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There is a (small) synergy between 
heat pump adoption and V2H 
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V2H can cut lifecycle GHG emissions from 
electricity use relative to a no-EV counterfactual 
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V2H eliminates charging emissions in 
counties containing 62% of the population
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There is a small emissions synergy between 
V2H and heat pumps 
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Including GHG externalities in charging 
decisions is a low-cost abatement strategy



V2H could be low-hanging fruit to cut EV 
charging emissions and costs
• This depends on the installation costs of V2H equipment

• Back-up power is a compelling application, which we do not account for

• V2H can cut EV charging cost if owners are exposed to locational 
marginal prices (e.g., through an aggregator)

• For 70% of U.S. counties, representing 60% of the population, 
V2H eliminates charging GHG emissions

• V2H creates synergies between vehicle, heating electrification

20
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Thank you!
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Chen, J. et al. Vehicle-to-home charging can cut costs and greenhouse 
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V2H sharply increases battery cycles

2024 2030
V2H

2040 2024 2030
V2H, constrained
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Driving

[a] Excluding GHG Externalities in Optimization

[b] Including GHG Externalities in Optimization
Number of simulated EV datapoints each boxplot n=432

Box plot elements:
• Box: 25th to 75th percentile (interquartile range)

• Center line: Median (50th percentile)
• Whiskers: Extend to most extreme data points within 1.5×IQR from box edges

• Dots: Outliers beyond whisker limits



We could not model a scenario where V2H 
contributed to a lot of additional degradation



Differences 
in variability 
in electricity 
price and EV 
energy use 
explained 
variability in 
V2H benefits



Differences 
in variability 
in electricity 
price and EV 
energy use 
explained 
variability in 
V2H benefits



V2H creates large 
secondary charging 
peaks



Basing the 
optimization on 
current utility 
rate structures 
eliminates GHG 
emissions 
benefits in 
grids where 
fossil fuels 
continue to be 
the marginal 
generators


