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Partners

• The exten t to  w h ich  hydrogen (H 2) can  
s im u ltaneous ly  p rov ide  sustainable 
mobility solutions and support the 
electric grid rem ains unc lear.

• The ro le  o f H2 production plants in  
facilitating renewable energy 
integration rem ain  unc lear. 

Barriers Addressed

• FY 18 D O E  fund ing  rece ived : $0k

• P lanned FY 19 D O E  fund ing : $325k

• Tota l fund ing  rece ived  to  da te : $1 ,650k

Budget

• P ro ject S tart D ate : June 1 , 2016

• P ro ject E nd D ate : S ept. 30 , 2019

• P ercent com ple te : 85%

Timeline

Overview



W e have deve loped end-to -end m ode ling  across H 2 FC E V  m ob ility  dem and, hydrogen 
production , g rid  in tegra tion  w ith  renew ab les, and  econom ic  im pacts /opportun ities

Conceptual Overview

Project objectives:
•Develop an integrated modeling capability (“H2VGI Model”) to  quantify  the  in te ractions 

be tw een s ta tionary  H 2 genera tion , fue l ce ll veh ic les , and  g rid  support resources
•Quantify potential grid support from  flex ib le  H 2 production
•Optimize the system configuration and opera ting  s tra tegy fo r g rid -in tegra ted  H 2 system s
•Assess ability to support integration of renew ab le  genera tion
• In FY19, focus on economic grid benefits by exp lo ring  the  va lue  o f add ing  m ed ium - and 

heavy-du ty  H FC V s and m ore  renew ab les

Relevance:
Integrated H2 Systems for Transportation and Grid Support



*Ramp mitigation 
optimization

(m ore  gas generation 
needed)

Peak up-ramp*

Peak down-
ramp*

*Peak shaving/
valley filling
optimization

(m ore  renew ables 
cu rta ilm en t)

Valley load*

Peak load*

NET load with 
renewables

E xam ple  o f C a lifo rn ia : 
R enew ab les dom ina ted  

by m idday so la r

Load w ithou t renew ab les

9  pm6 pm3 pm12 pm9 am6 am3 am12 am
H our o f day

M
eg

aw
at

ts
F our im portan t p rob lem s h igh ligh ted by the  da ily  load or “D uck” curve :

*50%  by 2020 on  track  in  3  
IO U s— severa l y rs . ahead!

California
renewable fractions: 

10%  in  2014
50%  in  2026*
60%  in  2030

100%  in  2045

Relevance: Renewable Integration Challenge in California
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The proposed H 2V G I m ode l p rov ides techno-econom ic  ana lys is  and  dec is ion-m aking  
support tha t benefits  m u ltip le  industry  g roups and po licy -m aking  s takeho lders

Stakeholder Benefits explored in this 
project H2VGI role

Policy makers
U nderstand co-benefits  o f 

investm ent in  H 2
and grid  in frastructure

S upport dec is ion  
m aking

Automotive A ssess opportun ities fo r system  
in tegra tion  and low -cost fue l

S upport va lue  
proposition  

Researchers O pen-source too lse t Too l to  exp lore  case 
s tud ies

H2 station owners D esign o f g rid -in tegra ted H 2 
re fue ling  s ta tions

Q uantify  va lue  o f H 2
(add itiona l revenues)

Relevance: Stakeholders Benefits 
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The H2VGI model integrates multiple operational and deployment models for FCEVs and H2
generation resources with external grid models across various time scales

Outputse.g ., P LE X O S  
m ode l/da ta  

D ynam ic 
S ta tion  m ode l

M D V /H D V  H 2
re fue ling  dem and

O ptim iza tion  
m ode l

V 2G -S im S E R AStart here

Approach: H2VGI Model Structure 



SERA provides annual FCEV adoption, H2 demand scenarios, and strategic fueling station placement 

C entra lized

D ispenser

D ispenser

D ispenser

…

C om pressor 
and s to rage

C om pressor 
and s to rage

C om pressor 
and s to rage

…

S tation  1

S ta tion  2

S ta tion  n

E Y

S M R
C om pressor 
and s to rage Tube truck

D is tribu ted

vs.
…

E Y 1

E Y 2

E Y n

E lectro lyzer

S team  m ethane
re form ing

• S cenario  ana lys is  in  S E R A  used to  exam ine  a lte rna tive  approaches fo r H 2 production  a t 
least cost

Central vs. distributed H2 production

Stations are sized and placed geographically to maximize coverage
Distributions of fueling stations evolve over time as H2 demand increases

• Geospatially and temporally resolved 
vehicle adoption in each Urban Area in 
California based on demographics and 
early adopters metrics 

• Annual empirically-based vehicle miles
• FCEV fuel economy improvement
• Vehicle stock turnover

The S E R A * m ode l is  used to  genera te  self-consistent FCEV 
adoption and H2 demand scenarios, cons idering :

*S E R A : S cenario  E va luation , 
R eg iona liza tion  &  A na lys is

Approach: SERA model for H2 refueling station deployment
and exploration of central vs. distributed H2 production



Simulated H2 refueling profile over 7 days

P LE X O S  inpu t 
fo r LD V s

(from National Fuel Cell 
Technology Evaluation Center)
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Approach: V2G-Sim and hydrogen demand 
(LDV example)



P LE X O S  inpu ts
fo r M D V s/H D V s

4. H2 electrolyzer demand

100

80

60

40

20

0

Pr
ob

ab
ilit

y 
of

 re
fu

el
in

g 
(%

)

1 00806040200
Tank leve l (% )

• M D V s and  buses: E nd  o f sh ift
• H D V s: re fue ling p robability  

s im ila r to  LD V s (fue l tank leve l)

3. Refueling algorithms

For 2030 reference year

Number of FCEVs 

(fraction of total stock)
5.0  m illion  LD V s (18% )

180,000 M D V s (15% )

22,000 H D V s (6% )

12,750 buses (17% )

(S yn thesis  from  C A m ode le rs)

2. HFCV scenarios

Generate probabilistic 
simulations from aggregate data

(N on-LD V  da ta  from  E M FA C )

1. Hydrogen fuel demands

Approach: Algorithm for MDV/HDV sectors



Low  C arbon G rid  S tudy fo r W E C C
K ey Features:
• U n it com m itm ent and  

econom ic  d ispa tch  a t 
m u ltip le  nodes/zones

• D C  pow er flow  m ode ling
• T im e s tep  o f ≥5  m inu tes
• M ode ls  varie ty  o f anc illa ry  

serv ices, m arke t horizons, 
and  fo recast w indow s

• S tochastic  op tim iza tion  
ava ilab le

(other U.S. regions as well as 
international grids also available)

• G enera tor opera tion
• P roduction cost
• Fue l use  
• E m iss ions
• Im ports &  E xports
• Load served
• E nergy and A S  P rices

P roduction  C ost 
M ode l

• T ransm ission  N etw ork  (e lec tric  and  gas)
• G enera tor p roperties (coa l, gas, nuc lear, 

renew ab les , e lec tric  s to rage, e tc .)
• Load requ irem ents
• R e liab ility  requ irem ents
• O ther S ystem  C onstra in ts

• PLEXOS is a commercially-available, electricity system economic simulation 
tool that can help researchers understand issues associated with intermittent 
renewables integration, and novel storage technologies such as H2 generation

Approach: Integrate Flexible H2 Generation into the 
PLEXOS Integrated Energy Production Cost Model
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5. H ow  do higher renewable penetrations affect the  econom ic benefits?

4. H ow  does increased dem and fo r hydrogen from  medium- and heavy-duty 
vehicles (inc lud ing  buses) change the  econom ic benefits?  

3 . W hat is  the  economic potential of hydrogen system s to  prov ide  grid  support 
(P LE X O S  production  cost m ode l w ith  load-ba lanc ing , ram ping, flex ib ility )

2 . W hat is  the  techn ica l potential for renewables integration w ith  hydrogen 
m obility  a t the  system  leve l (H 2-C a lifo rn ia  D uck C urve s tudy)?

1. H ow  do centralized vs. distributed hydrogen production  costs  com pare? 

Accomplishments and Progress:
Key Research Activities & Questions



We 
are 

here

Q1 • D eve lop  C a lifo rn ia  scenarios  o f ligh t-, m ed ium - and heavy-du ty FC E V  penetra tions in  
2030

Q2 • E stim ate  H 2 dem and and production  loads fo r ligh t-, m ed ium - and heavy-du ty  FC E V s
• Im p lem ent scenarios  in  P LE X O S  to  quantify  econom ic  opportun ities  fo r g rid  serv ices

Q3 • G enera te  resu lts  across a  range o f param eter sens itiv ity  scenarios , inc lud ing  h igher 
frac tions o f in te rm itten t renew ab les

• C om pare  the  re la tive  econom ic  benefits  and  renew ab les in tegra tion  opportun ities  across 
the  FC E V  adoption  scenarios

Q4 • S yn thes ize  and  d issem ina te  resu lts

Accomplishments and Progress: FY19 Milestones



• H ydrogen  in fras truc tu re  scenarios  
a re  com pared  fo r C a lifo rn ia  and  the  
U .S . us ing  the  S E R A  m ode l

• Techno logy S cenarios  inc lude
– C entra l E lectro lys is
– O nsite  E lectro lys is
– A ll p roduction  techno log ies: centra l and 

ons ite  e lectro lys is ; centra l, ons ite  and 
ex is ting  na tura l gas re fo rm ing)

• A llow ing  “A ll” techno log ies  resu lts  in  
the  low est cost, d riven  by low  costs  
fo r na tu ra l gas re fo rm ing

• For e lec tro lys is  cases, cen tra l is  
p re fe rred  fo r the  U .S ., w h ile  ons ite  
is  p re fe rred  fo r C A .

• E lec tro lys is  resu lts  a re  d riven  by the  
de live ry  costs  

Accomplishments and Progress:
Central vs. distributed H2 comparison



S um m ary resu lts
• FC E V s can prov ide  peak shaving /va lley filling  and ram p m itiga tion  benefits , 

bu t ramp mitigation benefits have much larger proportional reductions
• Ramp-up rates in 2025 can be reduced to 2014 levels at 800k-1 .5M  

FC E V s and 125-150%  e lectro lyzer capacity
• Ramp-up rates can be reduced to ~zero at 10M  FC E V s and 150%  capacity
• H1G alone can deliver sizable benefits, though H 2G  enhances im pacts

R esu lts  fo r 5M  FC E V s

P eak 
shaving

H 1G

R am p 
m itiga tion

H 1G

R am p 
m itiga tion

H 2G

P eak 
shaving

H 2G

150%  e lec tro lyzer capac ity
O vers ized  system

V ariab le  
H 2 ou tpu t

100%  e lec tro lyzer capac ity

C onstan t 
H 2 ou tpu t

2025 C a lifo rn ia  N et Load Im pact fo r 5  FC E V  S cenarios  - R am p U p R ates a re  res to red  to  2014 leve ls  w ith  
F lex ib le  E lec tro lyzer G enera tion  fo r 0 .8 -1 .5M  FC E V s

Accomplishments and Progress: Electrolyzer H2 generation can 
support greater renewable integration by reducing ramp rates
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Key takeaways:
• W hile  d iffe rences in  cost a re  sm all, w e observe a  c lear trend o f decreasing  e lectric ity  cost w ith  

increas ing  H 2 e lectro lyzer capacity, due to  tim e-o f-day flex ib ility  in  w hen e lectro lyzer can run
• W e expect th is  decrease to  be  m ore  pronounced w ith  greater H 2 dem and, and increased 

am ounts o f renew ables on the  grid ; we are currently working on modeling these scenarios

(work in progress)

Expanded FCEV 
scenario for California

5.0  m illion  LD V s (18% )
180,000 M D V s (15% )

22,000 H D V s (6% )
12,750 buses (17% )

LD V s +  lim ited  
num ber o f 
M D V s/H D V s

cost sav ings
am t. o f flex ib ility

∆A
∆B

=

0

(100%
capacity)

(200%
capacity)

M ore  e lec tro lys is 
flex ib ility  reduces cost

∆B

∆A

3.1%  add itiona l 
e lec tric ity  dem and 

due to  H 2

Accomplishments and Progress: Economic benefits of 
hydrogen electrolysis on California grids



Summary feedback:
• P rov ide  m ore  im pact and  va lida tion  o f assum ptions

– U pdated  ne t load  s tudy to  techn ica l po ten tia l leve ls  w ith  h igher FC E V  adoption

• Too  m uch focus on  m ode ling
– W e have p laced m ore  em phasis  on  resu lts  fo r th is  A M R

• Insu ffic ien t ve tting  by industry
– W e he ld  tw o stakeho lder w eb inars in  FY 18 to  so lic it feedback from  industry  on  approach and 

resu lts , w h ich , am ong o ther th ings, m otiva ted  us to  consider veh ic les beyond ligh t-du ty

• M ore  sens itiv ity  ana lys is  o f e lec tro lyzer cap ita l cost vs . capac ity
– W e have com ple ted  m ost o f the  w ork fo r th is , and  our fina l report w ill convert e lectro lyzer

capacities in to  cap ita l costs  to  a rrive  a t to ta l cost im pacts  o f re fue ling  H 2 FC E V s

• C ase  s tud ies cou ld  be  m ore  ta rge ted  to  rea l-w orld  p rob lem s
– W e have deve loped a  se t o f po ten tia l fu tu re  FC E V  scenarios tha t re flect the  rea lis tic  im pacts  o f 

flex ib le  H 2 e lectro lys is  on  grid  opera tions, inc lud ing  add ition  o f M D V s/H D V s (especia lly  buses)

Accomplishments and Progress:
Responses to Previous Year Reviewers’ Comments
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Related Projects
1. D ynam ic  M ode ling  and  V a lida tion  o f E lec tro lyzers in  R ea l T im e G rid  S im u la tion  

(FC TO -TV 031, IN L lead)

Partner Type Role Project Roles
N ationa l 
Lab

S ub 
(W ith in  
FC TO )

Lead hydrogen vehicle and station deployment 
scenarios and station modeling; co-lead model 
integration, and case study modeling; support 
grid services valuation

N ationa l 
Lab

S ub
(W ith in  
FC TO )

Co-lead dispatch controller development for 
grid services; and tie-in to FCTO-TV031 project 
below

Industry / 
R esearch

S ub 
(O uts ide  
FC TO )

Provide strategic direction; contribute to 
research, writing, data analysis, simulation and 
modeling

Collaborations



• C urren tly  low adoption rates of FCEVs w ill reduce  the  po ten tia l g rid  
benefits  o f d ispa tchab le H 2 e lectro lys is

– W e inc luded M D V /H D V  FC E V s tha t have h igher near-te rm  adoption  ra tes; 
as nascent FC E V  m arkets  grow , costs  w ill fa ll, s tim u la ting  greater adoption

• The  lack of detailed data on refueling of MDVs/ HDVs (un like  LD V s) 
ham pers our ab ility  to  accura te ly  es tim ate  hydrogen re fue ling  dem and

– W e w ill continue to  search  fo r new  data  sources o f M D V /H D V  H 2 re fue ling
• Cost, performance and reliability of H2 electrolyzers and o ther 

com ponents  m ay d im in ish  adoption  and  g rid  benefits
– E lectro lyzer costs  and perfo rm ance are  expected to  im prove as h igher 

vo lum es o f th is  equ ipm ent a re  dep loyed g loba lly
• Grid markets that do not permit H2 resource participation w ill lim it 

the  overa ll va lue  o f flex ib le  H 2 production  
– The m arket fo r anc illa ry  serv ices is  expected to  grow  as renew able  

genera tion  shares increase, a llow ing greater H 2 resource partic ipa tion

Challenges and Barriers



19A ny proposed fu tu re  w ork  is  sub jec t to  change based on  fund ing  leve ls

$
https ://the no u n pro jec t.c o m /te rm /ren ew ab le-en e rgy /8 1 66 8 /

Remainder of FY19
• P erform  sensitiv ity  ana lyses on M D V /H D V  re fue ling  s im ula tions, and 

continue to  search  fo r M D V /H D V  d iese l/gaso line /hydrogen re fue ling  data
• In tegra te  h igher renew able  genera tion  scenario  o f W estern  

In terconnection  in to  P LE X O S  and run  com ple te  se t o f econom ic ana lyses
• P erform  an econom ic case-study ana lys is  o f FC E V  LD V +M D V +H D V  

scenarios in  C a lifo rn ia  a t h igher renew able  penetra tion  leve ls , fo r each o f 
severa l FC E V  and hydrogen e lectro lys is  capacity  leve ls . C om pare  
re la tive  econom ic benefits  and renew able  in tegra tion  opportun ities.

• S ynthes ize  and d issem inate  resu lts  on  econom ic opportun ities fo r FC E V s 
to  prov ide  grid  serv ices w ith in  the  la rger A FV  opportun ity  space. Target 
h igh-qua lity  peer-rev iew ed journa l pub lica tions to  sum m arize  resu lts .

Beyond FY19 funding

• A pp ly  capab ilities  across add itiona l scenarios, reg ions, B E V s, 
renew ables, e tc .

Proposed Future Work
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Years 1-2 (FY16-18)
Model development: Full end-to -end in tegra tion  o f 
ind iv idua l FC E V  H 2 dem and, H 2 re fue ling , s iting  o f H 2 
s ta tions (s ta tionary  vs . d is tribu ted), s im u la tion  o f H 2 
e lec tro lys is  in  ex terna l g rid  m ode l P LE X O S , and econom ic  
ca lcu la tions o f flex ib le  H 2 e lec tro lys is  com ple ted
Case study results:
• H 2 e lec tro lys is  d riven  by FC E V  dem ands can p lay  a  

substan tia l ro le  in  m itiga ting  C a lifo rn ia  “duck curve”
• F lex ib le  H 2 e lec tro lys is  reduces pow er genera tion  cost
• D is tribu ted  H 2 low ers  cost o f de livery  and s to rage
Year 3 (FY18-19): Model development
• P LE X O S  econom ic  grid  s im u la tions o f tw o-w ay (H 2G ) 

flex ib le  H 2 e lec tro lys is  cases w ere  com ple ted
• M D V /H D V  hydrogen veh ic le  penetra tion  scenarios  and 

m ethodo logy fo r es tim ating  hydrogen re fue ling  dem and 
have been deve loped

• In tegra tion  o f h igher renew ab le  penetra tion  P LE X O S  
m ode l w ith  res t o f m ode ling  fram ew ork  is  in  p rogress

Technical Accomplishments

A ddition  o f M D V /H D V /bus 
hydrogen veh ic les and h igher 

renew ables to  m ode l; P LE X O S  
econom ic case s tud ies

Approach/Next Steps

H ydrogen techno log ies can o ffe r a  
un ique ab ility  to  s im ultaneously  

support bo th  e lectric  and 
transporta tion  sectors

Relevance

P rovide  an in tegra ted m ode ling  
capab ility  to  quantify  the  

in te ractions betw een sta tionary 
hydrogen genera tion , fue l ce ll 

veh ic les, and grid  support 
resources

Objective

Summary
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Technical Back-up Slides
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Targe t num ber o f ze ro -em iss ion  veh ic les in  2025
Targe t num ber o f ze ro -em iss ion  veh ic les in  2030

A m ount o f overs izing  capacity
150%125%100%

H1G: U n i-d irectiona l energy flow  to  e lectro lyze r
H2G: R evers ib le  e lectro lyze r w h ich  can  feed  pow er back to  g rid  

[1 ] E lectro lyzer capacity  =  percentage o f ra ted  capacity  re la tive  to  capacity  w ith  constan t opera tion  (overs izing)
[2 ] H ydrogen com ponent va lida tion , h ttps://w w w .hydrogen.energy.gov/pd fs /rev iew 17/tv019_terlip_2017_p.pdf
[3 ] V M T based on N H TS  C a lifo rn ia  da taset
[4 ] 2016 M ira i P roduct In fo rm ation ,
h ttps://p ressroom .toyota .com /re leases/2016+toyota+m ira i+ fue l+ce ll+product.dow nload

Parameter Values

N o. o f fue l ce ll e lectric  veh ic les (FC E V s) 200 ,000 – 10 ,000,000

In te raction m odes H 1G , H 2G

N et load 2016 , 2025

E lectro lyze r capacity 100% , 125% , 150%

C urren t e lectro lyze r convers ion e ffic iency 67 .3  kW h per kg [2]

V M T fo r FC E V s [3] 10 ,950 m iles per year

M P G e fo r FC E V s 67  M P G ge [4]

Key assumptions for H2 net load study
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• R efine  the  re fue ling  behavior m ode l 
in  H 2V G I us ing  the  rea l-w orld  da ta  
from  N R E L

• A  pre lim inary re fue ling  sub-m ode l, 
w h ich  governs w hen ind iv idua l 
veh ic les are  re fue led  w ith in  the ir 
trave l itineraries

Approach: LDV refueling model
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[1 ] h ttps://w w w .federa lreg is te r.gov/docum ents/2015/12 /14 /2015-31307/o ffic ia l-re lease-o f-em fac2014-m otor-veh ic le -em iss ion-facto r-
m ode l-fo r-use-in -the-sta te -o f-ca lifo rn ia ; [2 ] h ttps://w w w .arb .ca .gov/m se i/em fac2014_nov_2014_fina l_w _o_notes.pd f

OUTPUTS
Vehicle sales projections
VMT projections by veh. type
Emissions by veh. type and 
region
Fuel consumption profiles by 
veh. type and region

INPUTS
Vehicle sales by type
Fuel sales by type
Regional VMT data
Vehicle activity logs
Veh. emissions models

and testing
Fuel Efficiency/Emissions 

policies

• EMFAC2014 is the EPA-approved regulatory model for CA criteria pollutant emissions 
[1] freely available at https://www.arb.ca.gov/emfac/

• E M FA C 2014 has been used fo r s ta te  im p lem enta tion  p lan  (S IP ) deve lopm ent and 
transporta tion  conform ity  in  C a lifo rn ia

• C ontinua lly  re fined inputs  to  E M FA C  s ince la te  ‘90s
– P rov ides V M T tem pora l d is tribu tion fo r ligh t and  heavy du ty  veh ic les  from  da ta  from  m etropo litan 

transporta tion o rgan iza tions (M P O s) and veh ic le  ac tiv ity  da ta  fo r H D V /M D V .
– Tracks 42  veh ic le  types spann ing  ligh t-, m ed ium - and heavy-duty veh ic les

EMFAC2014 background
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Fuel 
consumption 

by vehicle:

fc1

…

fcn

fc2
fc3

Cumulative distribution
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Approach for MDVs/HDVs: Modeling distributions of fuel 
consumption by vehicle type
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