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Overview

Timeline Barriers
Start date: Feb 2005 Stove-piped/siloed analytical capability (B)
Completion: Sept 2011 Inconsistent data, assumptions and
Percent complete: 75% guidelines (C)
Suite of models and tools (D)
Budget
Total funding: Partners
— 100% DOE funded Sandia National Laboratories
FY09 funding « Computational development
— $525K NREL/SIO NREL
— $370K Sandia NL « H2A Production, HyDRA
FY10 funding Argonne National Laboratory
— $330K NREL/SIO - HDSAM, GREET
— $250K Sandia NL Alliance Technical Services

- Data sourcing and documentation

Directed Technologies, Inc.
« HyPRO
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Relevance: Project Objectives

Overall objectives
— Develop a macro-system model (MSM) aimed at

» Performing rapid cross-cutting analysis
— Utilizing and linking other models
— Improving consistency of technology representation (i.e., consistency between models)
» Supporting decisions regarding programmatic investments through analyses and
sensitivity runs

» Supporting estimates of program outputs and outcomes

2009/2010 objectives

Increase GUI functionality and capabilities

Utilize the MSM to compare hydrogen production/delivery/dispensing pathways
Develop MSM links to the HyDRA spatial data and visualization tool

Develop MSM links to the HyPRO model to analyze build-out scenarios
Improve pathway analysis by incorporating vehicle cycle

MSM available to the analysis community at http://h2-msm.ca.sandia.gov/

National Renewable Energy Laboratory Innovation for Our Energy Future
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Relevance: Supporting Program Goal Setting

The MSM is a tool for cross-cutting H2 production pathways analysis —
both economics and emissions, which makes it instrumental in
assessing technology potential. Analysts can use the levelized cost,
energy use, and emissions for sensitivities and comparisons.
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2 BETA(Feh 20100 | The MSM is being validated so these results are not
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Key Assumptions

Pathway assumptions are entered.

Other assumptions are embedded
in the models being linked but are
changed in sensitivity runs.

Pathway Assumptions
e Full-deployment scenario
e Urban demand area

e 1,250,000 person city

e 50% H2 penetration

e 1500 kg/day stations

e  Mid-size FCV -

Production

Central Biomass

e Current — 46% conversion efficiency

e Advanced — 48% conversion efficiency
Coal Gasification

e Current — 55% conversion efficiency

e Advanced — 55% conversion efficiency
Nuclear HTE

e Advanced — 83% conversion efficiency
Distributed SMR

e Current — 71% conversion efficiency

e Advanced — 74% conversion efficiency
Electrolysis

e Current — 62.5% production efficiency

e Advanced — 75% production efficiency

e Current—45 mi / GGE

Financial e Advanced — 65 mi / GGE
e 10% IRR HDSAM
e 20 year plant life . . . _
« MACRS depreciation ;u7ellng station capacity factor =
where appropriate . o .
e 1.9% inflation 62 r.mles from central production
to city
e Liquefier efficiency 77%
GREET
e Gasoline is RFG without
oxygenate

e  Current technologies use U.S.
average grid mix

e Advanced technologies use future
grid mix with 85% of CO2 from
coal plants sequestered

National Renewable Energy Laboratory
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Approach, Progress, and Future Work

HyARC |Risk Analysis| GREET
(H2 datatable) | (@risk, DAKOTA) | (wtw emissions)

H2A Y | | | Bl  HyDRA
(H2 production) | - (spatial tool)

HyPRO
(pathways

(H2 delivery) progression)

Fuel Cell Cost-per-
Power Model Mile Tool

The MSM provides a central transfer station to guarantee consistency in
simulations that involve multiple models. A graphical user interface (GUI)
allows users with minimal understanding of the models to use them.

National Renewable Energy Laboratory Innovation for Our Energy Future



Approach: MSM Development

Proof of concept / Extensible tool Additional models
Initial analysis Develop &
validate S
extensible & > evisit analysis
Type of bust = issues and oo
' i GO o) additional
information to structure o MSM .
transfer = requirements{‘mo els
&)
Develop GUI & c_és
web interface _g Develop data-
Define impliCIt -6 transfer
calculations O capability
» <
_g 8 N Component
3] S model updates
'_%‘ o S ongoing effort
= Lt R A0 < Analysis community interactions
S methodology L
= Stochastic
_ capability
Use MSM for Update models
Validate use of _5 analysis usmﬂ tSQgISM
models |, Improved GUI T ongoing effort y
functionality o
% Pathway report with
. Completed previously < inputs and pathway results
reviewed by industry
Completed this year —  Develop run

database

Underway

. Future activities

Innovation for Our Energy Future

National Renewable Energy Laboratory



Accomplishment: Increased GUI Functionality

This year, we added some new capabilities for user inputs

B H2 Macro 8 e el |;||E|E|
N
interactive (" uptoad file J Multi-param ) Archive

System Models
GUI users can download oo i o

¢ [ Biomass
(1 bh H H D Source of hiomass feedstock consumption (H2A PROD)
input” files from previous -/ [} e crmase sastckcos: 634 PR3t
- Production jfze/Defivery D Source of poplar farming energy use (GREET)
rU nS, adJ ust the m ] a nd ) Central I:D [} Electricity generation mix (U5 W)
u p | Oad th e adj u Sted fi |eS edstock/Process : g ;LD“ciuezion Facility

3 Distributed o [ Ltilities, co-products
‘ | ¢ 7 Liguid H2 Delivery

o )
for new runs. Input files are /| « [ e
. . Population D Days of storage at production plant f liguifier (1 days)
Val Id ated ag al n St a H2 penetration {%) E D Recovery rate of boil-off gas in production plant (0 %)
Vehicle Fuel Economy D Recovery rate of boil-off gas in terminal {0 %)

¢ [ Transpaort
[ Liguiet H2 Bailoff Rate in transportation frorm production plant

schema.

() GREET source

C HDSAM source D Source of liquid H2 truck diesel fuel requirernent (HD SAM)
@ User defined (mi/GGE) E [} Source of distance frorm liquid terminal to city (HD SAM) I
Title D Source of truck-tank loading losses (HDSAM)
Demo for AMR - 1 [0} Source of truck-tank boik-off rate losses (HOSAM)

™ Transportation time in truck trailer (1 days

User: mruth mass feedstock consumption

alue: |Userlnnut |V||12.839
nits: kg kg H2

GUI users can set up multi- —

parameter sensitivity runs Lof | e | |
by selecting the case,
setting the variables, and [swma_| [ vow swmissons | [_aw_| [ vsorouao_|

then identifying which Default valuesl, are from the
should be varied and the

component models and are
values to use. e
pathway-specific.

Description

This is 2 demo run for the AMR presentation

mD

4]
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Accomplishment: Increased GUI Functionality

some new capabilities for results.

B H2 Macro System Model

Interactne Upload file | Multi-param Archive

This year, we added

System Models

. l:l:l [ Detailed Inputs |~
GUI users can easily see 7 sk Utos
¢ [ Biomass
the detailed information . [ Source of biornass feedstock consurmption (H2A PROD)
Production Size/Delivery _ S ril 2 PROD)
entered when the © comaf®_ |
Serial # Title Status
. . . ) Distribllg Dist Elecirolysis test of server
SI mu |at|0n WaS defl ned . FeedstockProcess 18 mark - Demo Test
I: 19 FPITT Dermonstration an 16 Oct 08 i
250 Wehvanced Electralysis for Report
City 251 Advanced Coal with CCS for Pathway Report
Populatif252 Advanced Wind - Pipeline for Pathway Report nt i liguifier (1 days)
H2 penefl53 Adwanced MG - Pipeling for Pathway Report oduction plant (0 %)
Vehicle FutNgconony 259 Diefault Distributed Electrolysis rinal (0 %)
) GREET 5280 Default Distributed Electrolysis at 63 mile f GGE afion from production plant
HDSAM 261 Default Distributed Electralysis - 48 KWhikn .
el regquirerment (HDSAM)
@ Nger d 262 Default Distributed Electralysis - 59 KWhkg minalto city (HOSAM) 1
Title 263 Distributed Electrolysis £5 (HOZAM)
Demn for AME -1 64 Distributed Electralysis 59 kwH f kg nsses (HDSAM)
demo version ' (1 davs I~
o 266 \ derno version 2 D]
bescrition 351 \Qemn for AMR - 1
This is a dema run for the AMR preselEs maqs Simulati
rmption
G U I u Se r’S Ca n d OWn | 0 a d 0K Get Info View chart Download results... Download input file... >

—

results files (in CSV form) ] 9

to develop their own e
figures and tables_ | Submit || View submissions || Quit || User Guide |

GUI users can download input
files for record-keeping or to
set up additional runs.
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Accomplishment: Pathways Report

Report published in September 2009 on the
following seven hydrogen production / delivery

Hydrogen Pathways: Cost Fochiledt Renort

p ath Ways Well-to-Wheels Energy Use, e

and Emissions for the Current
Technology Status of Seven
Hydrogen Production, Delivery,
and Distribution Scenarios

1 Distributed Natural Gas

2 Distributed Grid Electricity No N/A

3 Central Biomass No Liquid Trucks
4 Central Biomass No Pipelines

5 Central Natural Gas No Pipelines

6 Central “Green” Electricity No Pipelines

7 Central Coal Yes Pipelines

Modeling parameters were reviewed by industrial partners
through the Fuel Pathway Integration Technical Team

(FPITT), gaps were identified, and sensitivities were run.
Report available at http://www.nrel.gov/docs/fy10osti/46612.pdf

National Renewable Energy Laboratory Innovation for Our Energy Future
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Accomplishment: Pathways Report

LOSSES
$0-02 WTW Energy Input (Central SMR with Gaseous Pipeline Delivery)
$4.00 = 200,000
180,000 r O Petroleum Input from "Well"
160,000 B Natural Gas Input from "Well"
Other O&M
Dispenser & Accessorigs =—— 140,000 | O Coal Input from "Well"

$3.00 - DE$,-2|VBE1RY Low Pressure Storage +—— 13 120000
'g ’ Cascade Storage <—— % 100,000
w d
E Compressor @ 80,000
2 Capital Geologic Storage 60,000
'C:. $2.00 Distribution 40,000 f
I R P Pipeline |
= Transmission Pipeline P 20,000 ﬁ
- Central Compressor e 0 : : :
©» ik PRODUCTION Nat G;sD Plzoduction ':I,-Irytiljrogt?nn Pipeline Transport Fo;e[c):iourt:tci)r:age

J $1.33 Eesdatock elivery oductio spensing
SCR NOx Control on Stack . . A .
Other O&M = I + Balance of Plant & Offisites 12,000 WTW Emissions (Central SMRwith Gaseous Pipeline Delivery)
ital E—-— Praocess Plant Equipment
$0.00 - L — = O CO2 B CH4 O N2Q

10,000

8,000

The report provides MSM results for each

pathway, broken into supply chain

components as shown in these three figures:
* Levelized cost (above) — o
. Energy input (above_rig ht) Nat s rocucton . ycrogen oo Posie Transpor  Forecourt Sorage &
» Well-to-wheel GHG emissions (right)

6,000

g/GGE

4,000

2,000
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Accomplishment: Pathways Report

1,000 = —+ Distributed Electrolysis
1amass
900 - +ﬁ?i? Ellegricity __________________________________________________________________________________
Ty :‘u“ﬁnudraElegtSricity
- ¢ Gasoline
= . +EIE;E5SB ..................................................................................
The report also s e
compares results % 700
@ O
=]
across pathways 2
and between B 800 qrrrrrr
hyd o
rogen @ .
Y g & 500 * Gasoline ICE
pathways and § 400 _+D'ESE| ....... e e
com petl ng E Central Natural Gas SCnrn o
. [ Gasoline HEV + B P.iﬁ.éﬁm!"
. T 111 R et T
tECh nO|OgIeS @ Distributed Natural Ga
Q C
E 200 ------smesnemonse oo LRIt LL e TR L L R L L e e e PP EE L L ERETORRRP L LR LR TP
Central Coal - Pipeline = g <> EB3-5tover
g Central Biomass - Liquid
100 | Biginass - Pipeline " Tragks ~ 77Tt T
i Wind Electricity Electrolysis
0 T T T _ - T T T T _IF'iF:'EIir.e

$0.000 $0.020 $0.040 $0.060 $0.080 $0.100 $0.120 $0.140 $0.160 $0.180

Levelized Cost of Hydrogen and Market Price of Gasoline, Diesel, and E85 ($ / mile without fuel taxes)

Monte Carlo results for distributed SMR and central biomass — pipeline cases are shown here
but are not in the report.

Hydrogen results in the figure are based on current technology status scaled to full utilization of production capacity, as
represented in H2A and HDSAM.

Gasoline and diesel prices are from AEO 2007 high projections for 2009 and do not include fuel taxes.
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Accomplishment: Link to HyDRA

HyDRA is a spatial database and display tool available at
http://rpom.nrel.gov. Linking it to the MSM brings spatial data
to the MSM and provides a way to display spatial results.

Use Case 1:
HyDRA HyDRA
User selects state. MSM Displays levelized

o Batch runs for each
Geospatial inputs and some county within the pathway cost and WTW

technology parameters are results from each county
selected state
sent to MSM on a map

A4

A4

Use Case 2: MSM
HyDRA Allows user to choose
MSM Provides natural gas natural gas & electricity
>1 cost, electricity cost, > cost and vary many
User selects county L :
and grid mix for the technical parameters
county before running a

pathway simulation

National Renewable Energy Laboratory Innovation for Our Energy Future
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Accomplishment:

HyDRA — Use Case 1

) HyDRA | rpm.nrel.gov - Mozilla Firefox
File  Edit View Baookmarks

[8] mast visited
[BiMcAfee stepduiar| ~

¢ HyDRA | rpm.nrel.goy

+2s NR=L

‘f&_ é’ Natio nal Renewable [« ia
¥~ Energy Laboratory

Submit M5M Joh

History Tools  Help

et Q httpeffrpm. nrel, govfheedraflaunch

lame: Menwy Mexico 3

Type: Forecourt Electrolysis

eGrd data set: 2005
Electricity cost: Inclustrial
Electrolyser efficiency: 53.44
Electrolyser cost: 645

Wehicle fuel econormy: 45

State: ey Mexicol

WERED EY :
i

1 Gmail Ul wave B Bing 9 SMEWS.com | Colorad. ..

ﬁHome |@"¥F‘an |Q Foom é? heasure | 4

(L
LT 7| gy ]- 7
S Help B8 Find Locstion D Gllery T ﬁ] Lagout Baze Layers
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Edmentan I
(]
H
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= _'L""-\n_%
. l."ll%“.&.’. New
Winnesota Vg Brunswick
Minneapalis o 0 h N
©. wisconsin . Ottaws Maine S¢
L aronto
Mik Buffa ng New York -
Py Vermont
o lowa -~} 59 >
w & Yo o S0 b e lvania New Hamp
Kansas HIinois jngjana OMO o o Massachuset
kwh/kg_H2 YL i A i Rhode Island
Missouri® Virginia Connecllcm
$,|"|<W b ta Kentucky, Virginia
¥ e New Jersey,
Tennessee 0!
i ma Delaware
b Arkansas Carolina
mllefgge At ?,“'-ﬁ Maryland
as Mississippi Carollna Dlstnct of
b ! Alabama Columbia
Mobile Georgia
1stin .
- Louisiana e
Jousion Hlacksonwillel Nortr!
Subimit @0rando Atlantic
tleroica Florida Ocean
latamoros’ Miami
— = Gulf of o
Rosales ) e i
E o Salti aa h Mexico
LalRaz O Mazatian México | gt Havang
o o
Leon
Aguascalientes@ ) ng Aldama Ménida ;,a;.':..n Cubs
Heroical Bleblal - Santiago . -121.55273, 55.32814

Temelate KBS 0 Google, Tele Atlas, INEGH - Terms of Lz ._.,‘:.E,,a

The user selects a state and submits the job. The user
allowed to vary only a few of the technical parameters.
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Accomplishment: HyDRA — Use Case 1

- ﬁ HHHHHHH Q Zoom yMeasure Prirt & Help &8 Find Location D oooooooooo ut
- —1
——

The MSM runs cases for each county and results are
shown in HyDRA. Levelized production cost is shown.
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Accomplishment: HyDRA — Use Case 1

EEEEEEEEEEE

) =1
‘; é’NalionaI Renewabl :
%" EnergyLab y
eeeeeeeeeeeeeee
General - Counties
~ County Border
New Mesico 3 - wkwGHG {g/mile)
1 Les:
W 550
[
|
[ 2

|
\
[

|

T
L1

eeeeeeeeeeeee

Many other results are also available. Well-to-wheels
greenhouse gas (GHG) emissions are shown.
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Accomplishment: HyDRA — Use Case 2

B H2 Macro System Model

Interactive Upload file | Multi-param Archive

System Optional inputs
[rets towheats || 3 Detatea mputs
— | Feedstqck, Ut|||.t|es
o= [ Production Facility
I:I:I o= ] Dispensing Forecourt
o [ vehicle Characterization
Production Size/Delivery o= [ Default Yalues (Constants)
® Distributed
Feedstock/Process
City
Population
H2 penetration (%) H

Vehicle Fuel Econonmy

) GREET source

) HDSAM source

® User defined (milGGE) H
Select county (optional)

[co =] pertorsen_[=]

Title

Jaffarson County, CO Distribte e — e
D
User: mr uth
Description
— edit valves here
Edit Detailed Inputs => | | <= Edit Required Inputs
‘ Submit || View submissions || Quit || User Guide |

The MSM GUI user selects a county; HyDRA provides feedstock
and energy prices and the grid mix for that county. The user can

modify many technical parameters.

Innovation for Our Energy Future
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Accomplishment: Link to HyPRO

HyPRO
. I(\I/:I)AI\_'Il')LAB-based computer model developed by Directed Technologies Inc.

« Calculates the expected levelized “pump price” of hydrogen for a variety of
production/delivery/dispensing pathways over a span of years in an area
with uniform demand density

» (Calculates the ideal infrastructure build-out over time

Inputs to HyPRO:
i)  H2 demand curve projection
ii)  H2 production options and costs

H2A_ (H2A)
Production i) H2 delivery options/costs (HDSAM)
HDSAM > HyPRO
GREET Advantages of linking MSM with HyPRO:

) Automatic updates to HyPRO from H2A & HDSAM
i)  H2A/HDSAM/GREET inputs’ effect on HyPRO can
be studied

National Renewable Energy Laboratory Innovation for Our Energy Future



Accomplishment: HyPRO Upgrades

Excel input sheets replaced by XML
» ~ 20x faster data load

 Validated against use of Excel input HVPRO
: Inputs
* Revised outputs
 All pathway costs included Excel/XML
« Pathway components
 Removed extra production options
» Added terminal options to make the
pathways independent
» Kept all delivery/dispensing options HyPRO
including those not available in the output files
MSM (Excel, plots)

Global variables were added as inputs
« Demand curve, emissions tax, &
feedstock costs were added

— S-shaped demand curve characterized
by three parameters

National Renewable Energy Laboratory Innovation for Our Energy Future



Accomplishment: HyPRO Results

Baseline production technology buildout

Buildout (Fro.)

012 CMG-SMR

)
Ba00 ! ! ' ' ! ! ! B 2021 FC MNG-SMF
- - B 2022 CNG-SMR
Scenario Assumptlons I 022 FCONG-ShE
5000 |« 1,125,000 FCVs in 2050 M (2026) C,COAL-G,
e  Average fuel economy: - Egig g'ggitg':
45 miles / gge B (2029) CLCOAL G,
4000 . Average FCV use: (2030) C,COAL-G,.
= 20 mile / day i (2031) C,COAL-G
“E e City land-area: QE (2032) C,COAL-G,
@ 3000 1662 square miles O (2033) C'CDAL'G'j
£ e 1500 kg/day stations T (2034) € COALG.
3 §/day = (2035) C.COAL-G,.
2 = (2036) C,COAL-G .
000 0O (2037) C,COAL-G
(2038) C,COAL-G .
P (2039) CCOAL-G
N 2040y CLCOALG)
1000 |- B (2041) CLCOAL-G)
I 2042) CLCOAL-G )
B o043 CLCOAL-G)
R B o045 CLCOAL-G )

1
2010 2015 2020 20245

2030

Year

2035

I 2045 CLCOAL-G
O  Capacity
*  Demand

2040 2045

Feedstock is natural gas initially and moves to coal with higher demand

National Renewable Energy Laboratory
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Accomplishment: HyPRO Results

Production buildout with $40/tonne cost of carbon

I (2012) C,NG-SMR @ 41 % 1
B 20210 FC,NG-SMR,1.5 (LCLE) @ 55 % 44 :
I (20220 FC,NG-SMR,1.5 (LCLE) @ 55 % &9 Buildout {Pro.)
G000 | SO (20237 FC,MG-SMR,1.5 [LCLE] @ 55 x 75 T T T
I 2024) FC,NG-SMR,1.5 (LCLE) @ 55 x 88
I (:0:c) FOLNG-SMR, 1.5 [LCLE) @ 55 x 95
B :026) FC,NG-SMR,1.5 (LCLE) @ 55 x 138
I (2027) FC,NG-SMR,1.5 (LCLB) @ 55 x 156
I rz028) FCL,MNG-SMR,1.5 [LCLE) @ 55 x 181
000 I (20237 FC,NG-SMR,1.5 (LCLE) @ 55 x 200 )
(2030] FC,NG-SMR,1.5 (LCLB) @ 55 x 219
(2031] FC,NG-SMR,1.5 [LCLB] @ 55 x 234
(2032) FC,NG-SMR,1.5 (LCLE] @ 55 x 243
(2033]) FC,NG-SMR,1.5 [LCLB] @ 55 x 247
(2034] FC,NG-SMR,1.5 [LCLB] @ 55 x 237
(20358) FC,NG-SMR,1.5 (LCLE] @ 55 x 236
AD00 (2036) FC,NG-SMR,1.5 (LCLE] @ 55 % 215 |
(2037) FC,NG-SMR,1.5 [LCLB] @ 55 x 194
(2028) FC,NG-SMR,1.5 (LCLE] @ 55 x 133
o (2039]) FC,NG-SMR,1.5 (LCLB] @ 55 x 204
O (2040] FC,NG-SMR,1.5 [LCLB] @ 55 x 153
o (2041} FC,NG-SMR,1.5 (LCLE] @ 55 x 3&
= B 1[2042) FC,NG-SMR,1.5 [LCLE) & 55 x 17& =
@ 000 | B (2043) FC,MS-SMR,1.5 [LCLE) @ 55 % 140 —
£ B (z044) FC,MG-SMR, 1.5 [LCLE) @ 5C x 1C2 =
3 I (2045) FC,NG-SMR,1.5 (LCLE) @ 55 x 160
o I (:045) FC,NG-SMR,1.5 [LCLE) @ 55 x 181 -
= I :047) FC,NG-SMR,1.5 (LCLE) @ 55 x 133
I (:045) FC,NG-SMR,1.5 (LCLE) @ 55 x 202 =
I :045) FO,NG-SMR, 1.5 [LCLE) @ 55 % 222
2000 | W (z050) FC,NG-SMR, 1.5 (LCLE) @ BE x 240 | fi —
O capacity -
= Demand
1000 - —
oooooooo
0
2010 2015 2020 2025 2030 2035 2040 2045 2050 2055
Year

Feedstock is natural gas throughout buildout
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Collaborations

-Sandia National Laboratories (computational development)
— Andy Lutz (MATLAB expertise)
— Mike Goldsby (MSM architecture)
— Tim Sa (web server, GUI)
‘NREL
— Darlene Steward, Mike Penev (H2A Production, distributed power)
— Johanna Levene, Chris Helm, Witt Sparks, Chris Culbreth (HyDRA)
ANL
— Amgad Elgowainy, Michael Wang (HDSAM, GREET)
*Sentech
— Elvin Yuzugullu (documentation)
‘Directed Technologies, Inc.
— Brian James, Julie Perez, Andrew Spisak (HyPRO)
‘Indiana University, Kelly School of Business
— lon Diakov (@Risk)
‘Energy companies (pathway analysis and report)
— Matt Watkins (Exxon-Mobil)
— Jonathan Weinert, Bhaskar Balasubramanian (Chevron)
— Ed Casey (ConocoPhillips)
— CJ Guo, Karel Kapoun (Shell)
Alliance Technical Services (pathway analysis & report)
— Melissa Laffen, Tom A. Timbario
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Proposed Future Work

Analysis Needs & MSM Plans (with planned dates)

Update the MSM as technical understanding evolves

* Link the MSM to updated component models as they
are released (ongoing)

Identify the potential effects of not meeting targets and
potential tradeoffs

» Add vehicle purchase and maintenance costs to the
cost per mile calculation (Sept 2010)

» Add vehicle production & disposal energy and
emissions to the WTW calculation using GREET 2.7
(Sept 2010)

Analyze other production, delivery, and distribution
options

* Add combined heat-power-hydrogen as a production
option (Dec 2010)

» Add biogas conversion as a production option (March
2011)

* Add more delivery and distribution options including
cryo-compressed and 700 bar storage and tube trailer
delivery (March 2011)

Compare pathways to identify strengths and potential of
each

» Complete pathway report focusing on advanced
technology status (Sept 2011)

* Provide support to infrastructure and technical target
progress analyses (Sept 2011)

» Complete a pathway report at various vehicle
penetration levels (Sept 2011)

Compare hydrogen build-out scenarios

* Link to a market development model (HyPRO)
(complete)

» Add other transition models to allow for comparisons
between methodology while knowing the bases are
consistent. (2011 & beyond)

National Renewable Energy Laboratory
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Summary

— The MSM is being developed to rapidly perform cross-cutting
analysis by linking other models

— ltis being used for analyses to understand and compare
hydrogen production/delivery/distribution pathways
— This year
« GUI functionality and capabilities have been improved
 HyDRA has been linked to provide spatial data and visualization
« HyPRO has been linked to analyze build-out scenarios
— Future work involves further analysis; adding vehicle cycle costs,

energy use, and emissions; and investigating the potential
outcomes of technical progress
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Accomplishment: HyPRO Results

Baseline dispensing buildout

Buildout (Dis.)

40

Scenario Assumptions
e 1,125,000 FCVs in 2050
e  Average fuel economy:
45 miles / gge
e Average FCV use:
20 mile / day
e Cityland-area:
1662 square miles
e 1500 kg/day stations

5000 T T T T T T T T T T |

I 0120 C,HG-SMR O(LT) @ 41 x
H 20160 C,NG-SMR (LT @ 41 x
I :017) C,NG-SMROCLTD @ 41 %
I (:015) C,NG-SMRO(LT) @ 41 x
I (20150 C,NG-SMR (LT) @ 41 x
5000 - B :0z0) C,NG-SMR (LT @ 41 x
B (0210 C,HG-SMROCLT) @ 41 x

I (:0z1) SMROCFC) @ 55 x 44
I :ozz) o, NG-SMROCLTD @ 41 %

B (20220 SMR (FC) @ 55 X 68
BN (z023) C,MG-SMR (LT) @ 41 x
I (z0z4) C,NG-SMR (LT) @ 41 x
I rzozs) o, MG-SMROCLTD @ 41 %
AD00 - B | (2026]) C,NS-SMR [LT) @ 41 x
| (2026) COAL (PL) @ 12 x 129
(2027) COAL (PL) @& 12 x 157
—_ (2028) COAL (PL) @& 12 % 180
(m] (2029 COAL (PL] @& 12 x 200
o (2020 COAL (PL) @& 12 % 219
E (2021] COAL (PL] @ 12 x 235
@ 3000 - (2032) COAL (PL) @ 12 x =242
E (2022] C,NG-SMR (LT] @ 41 x
3 (2033) COAL (PL) @ 12 x 248
g (2024] COAL C(PL] @ 12 x 236
(2035) COAL (PL) @ 12 x 236
= (2036 COAL (PL) @ 12 x 224
(2037) COAL (PL) @& 12 % 231
s000 - . | (2038) COAL (FL) @ 12 x 240
] (2039) COAL (PL) @ 12 x 206
[ [zo40) COAL CPL) @ 12 x 183
Lz BN (z041) COAL (PL) @ 12 % 171
B B >042) COAL (PL) @ 12 x 177
I o433 CosL (PLY @ 12 x 140
= N 2044) COAL (PL) @ 12 x 171
I (z045) COAL (PL) @ 12 % 140
1000 ~ = I 204c) oAl (PL) @ 12 x 181
B (z047) COAL (PL) @ 12 % 240
H ;o45) coal (PL) @ 12 x 201
I o040 cosL (PLY @ 12 x 22z
B 20500 COAL (PL) @ 12 x 240

O cCapacity
* Demand
D T T T
2010 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060 2065
Year

Feedstock is natural gas initially and moves to coal with higher demand
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Accomplishment: HyPRO Results

Dispensing buildout with $40/tonne cost of carbon

B (-01:2) C,MNG-SMR (LT) @ 41 = 40
Buildout (Dis.) B :01:) C,HG-SMR (LT) @ 41 = 9
BO00 T I I T | I (z017) C,NG-SMR [LT) @ 41 x 27
N 20150 C,MG-SMROCLT] @ 41 x 47
I (:01°) C,NG-SMR (LT) @ 41 = 5§
I (:0:20) C,NG-SMR (LT) @ 41 = &0
I (:021) C,NG-SMR (LT] @ 41 = 20
I (20z1) SMR OCFC) @ 55 % 44
&000 - I (20z:) SMR OCFC) @ 55 % 69
I (20230 SMR O(FC) @ BB x FE
I (z024) SMR O(FC) @ BE x 88
I (z025) SMR O[FC) @ EE x 95
I (2026) SMR (FC) @ 55 x 1328
I (2027) SMR CFC) @ 55 x 156
[# J(2028) SMR (FC) @ 55 % 181
4000 [~ [2029) SMR (FC] @ 55 % 200
(20200 SMR (FC) @ 58 % 2189
5 (2021) SMR [FC) @ 55 x 234
) (2032) C,NG-SMR [LT] @ 41 x 40
o (2032) SMR [(FC) @ 55 x 243
= [(2033) SMR (FC] @ 55 x 247
@ 3000 - (2034) SMR (FC) @ 55 = 237
£ (2035) SMR [FC) @ 55 x 236
=] (2036) C,MG-SMR. [LT] @ 41 x 3
.g [2036) SMR [FC) @ 55 x 215
[(2027) C,MNG-SMR [LT] @ 41 x 27
i [2027) SMR (FC] @ 55 x 194
E (2028) C,NG-SMR [LT] @ 41 x 47
o i (2038) SMR [FC) @ 55 x 193
= (2039) C,MG-SMR [LT) @ 41 = 2
[ [2029) SMR (FC] @ 58 x 204
Rz [ (z040) SMR [FC) @ BB x 183
. I (z041]) ©,NG-SMR (LT) @ 41 = 134
I (z041) SMR [FC) @ 55 x 38
1000 - I (z042) SMR (FC) @ 55 x 176
I (20437 SMR (FC) @ 55 x 140
I (2044) SMR OCFC) @ 55 % 152
I (2045) SMR OCFC) @ 55 % 160
I (:045) SMR O CFC) @ 55 x 181
I (:047) SMR (FC) @ 55 x 193
0 I (:045) SMR (FC) @ 55 x 202
2010 2015 2020 2025 2030 2035 2040 2045 2050 M (:04%) SMR (FC) @ 55 x 222
Year I (20500 SMROCFC) @ 55 % 240
O cCapacity
. Demand

Feedstock is natural gas throughout buildout

National Renewable Energy Laboratory 29 Innovation for Our Energy Future



	Macro-System Model�Project #AN011
	Overview
	Relevance: Project Objectives
	Relevance: Supporting Program Goal Setting 
	Key Assumptions 
	Approach, Progress, and Future Work
	Approach: MSM Development
	Accomplishment: Increased GUI Functionality
	Accomplishment: Increased GUI Functionality
	Accomplishment: Pathways Report
	Accomplishment: Pathways Report
	Accomplishment: Pathways Report
	Accomplishment: Link to HyDRA
	Accomplishment: HyDRA – Use Case 1
	Accomplishment: HyDRA – Use Case 1
	Accomplishment: HyDRA – Use Case 1
	Accomplishment: HyDRA – Use Case 2
	Accomplishment: Link to HyPRO
	Accomplishment: HyPRO Upgrades
	Accomplishment: HyPRO Results
	Accomplishment: HyPRO Results
	Collaborations
	Slide Number 23
	Summary
	Supporting Slides
	Response to Previous Year Reviewers’ Comments
	Publications and Presentations
	Accomplishment: HyPRO Results
	Accomplishment: HyPRO Results

