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Overview

Timeline Barriers
Start date: Feb 2005 Stove-piped/Siloed analytical capability
Completion: Sept 2010 (B)
Percent complete: 65% Inconsistent data, assumptions and

guidelines (C)
Suite of Models and Tools (D)

Budget

Total funding:

— 100% DOE funded Partners
FY08 funding -Sandia National Laboratories

_ $300K NREL/SIO (computational development)

— $340K Sandia NL *‘NREL (H2A Production, well-to-wheel
FY09 funding analysis validation, HyDRA)

_ $525K NREL/SIO ANL (HDSAM, GREET, well-to-wheel

analysis validation)
*Sentech (Documentation)
*Directed Technologies, Inc (HyPRO)

— $370K Sandia NL
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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

2008/2009 objectives
— Improve structure of the MSM and expand GUI capabilities
— Update versions of component models
— Expand stochastic analysis capability
— Build interaction between MSM and spatial and temporal models
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Key assumptions

- Pathway Assumptions
Pathway assumptions are entered. |, " | i ioyment scenario

Other assumptions are embedded |- Urban demand area
1,250,000 person city

in the models being linked but are |- 50% H, penetration
1500 kg/day stations

changed in sensitivity runs . Mid-size FCV —
Fi ial * Current - 57 mi /| GGE
Inje el - Advanced —-65mi/ GGE |
. * 10% IRR
Production « 20 ;ear plant life HDSAM
« Central Biomass . MACRS Fueling station capacity
* Current - 46% conversion eff. depreciation where || ;atic::irle_sofrim contral
* Advanced - 48% conversion eff. appropriate roduction to oit
* Coal Gasification _ - 1.9% inflation s A
« Current — 55% conversion eff. * Liquefier efficiency 77%
» Advanced - 55% conversion eff. GREET

* Nuclear HTE
» Advanced — 83% conversion eff.
* Distributed SMR
» Current — 71% conversion efficiency
* Advanced — 74% conversion efficiency
* Electrolysis
» Current — 62.5% production efficiency
» Advanced — 75% production efficiency

Gasoline is RFG without
oxygenate

*  Current technologies use US
average grid mix

« Advanced technologies use
future grid mix with 85% of
CO, from coal plants
sequestered
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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 for Posture Plan updates
Hydrogen Produced In Central Plant and Transported as Gas via Pipeline

2,000 Bt 10,000 B
Eleciricity for Electnciby for
Compres=ion Forecourt
187,000 EtuBiomarss
5,000 EtuElectricity Hprogencas ¢ | compression & |—» Compression, ' Hydrogen Gas
3,000 BouMard Gas N7000 B 3 Ploel Storage, & v 16000 B
enne g - '
P Dispensing !
78,000 Etu Energy Lost 1.000 Bt 12,000 Etu Energy Lost
Hydrogen
Lost
Known lesuer Hydrogen losses are estimated in HDSAM but ane not included in GREET

Ho-YWheals Total 3707 Producton Process 1% Case Definition
Enengy Lise (BEhsrmilke) ' Enengy EMciency Year 2020

Lto-Wwhesals Petroleum - Hydrogen as =as
EnergyUse (Boumile) | ° Falfweay EMciency | 56% Central Production

Ho-YWhesls WP Efficiency 485% Wioody Blomass Fesadstock
Greerhouse (35 a3 ‘WP Emissions (Ib Sequestration: Mo
Emissions {gimilkz) C02 Equivalent & Transpoit for Delvery. Pipeine
Lewelzed Cost of H? &t 396 G5E fuel available): Wehicle Efficiency. &5 .0 mike F GGE
Fumnp ($a) ] ity Hydrogen Use: 238466 kgiday
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Approach: MSM development

Proof of concept / Extensible tool Additional models
Initial analysis Develop &
: validate > Revisit analysis
Type of extensible &  E= ssues and Selae
information to robust structure [N MSM addlgo:lal
transfer § requirements’ Mmode’s
Develop GUI & [T W
Define implicit S alida z ulse 0 transfer
: S models o
" calculations < capability
2 o Component :
0 S model updates
-_g—’- S ongoing effort
o Model-linking < | Analysis community
® methodology L . .
2 Stochastic interactions
— capability
expanded Update
c 5 MSM e models using
Validate use of O analysis the MSM
models [, Update © ongoing effort
documentation %
C leted ious ongoing effort 2— Inputs and pathway results
. ompleted previously reviewed by industry
Expand GUI
Completed this year > &
Develop run
Underway : database

. Future Activities
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Progress and Future Work: Overview

HyARC

(H2 datatable)

Risk analysis

H2A / (@risk, DAKOTA)
(H2 production)

HyPRO
MSM ™ (pathways

HDSAM progression)
(H2 delivery) \

GREET HyDRA

(wtw emissions) (spatial tool)

Completed this year

Underway

. Future Activities
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Accomplishment:

GUI and web interface

-

Iél H2 Macro System Model

=]

[ Interactive | Uploadfile | Multiparam | Archive |

System

Models
Wetls to Wheels |~ |
Year
Production Size Delvery G U I ava i Ia b I e at
® coma
 Distributed
FeedstockiProcess
Woody biomass | - | .
Previously, the user only
City . .
Population |100000( SpeCIfled '
H2 penetration (%) ?SE °
Vehicle Fuel Economy teCh n O | Og y
) GREET source ° ti m efra m e
' HDSAM source .
® User defined (milGGE) | 65 * popu lation
Title H
|Near—19rm weoody biomass ! liguid truck f 75% market penetration ¢ m a rket pe n etratlon
D
User: null
Description N eed ed .
Mear-term woody biomass gasification | . -
Deli LHZ truck: =
Bl o R 5 mafctpondisin » more flexibility for users
f5 mifgoe H2 FCV
Edit Detailed Inputs => <= Edit Required Inputs
| Submit | | View submissions | | Quit |

National Renewable Energy Laboratory
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Accomplishment: user interface upgrade

Detailed inputs i @
capability added Q> | User
» extra ~200 v.a.riable values NREL
can be specified for each Grouped
MSM run Conditional —— = ﬁgﬁaar;i web
« grouping the variables into | Set of inputs
branched structures et ISANDIA
« conditionally accessible MSM
groups and variables back-end

* flexible structure

http://h2-msm.ca.sandia.gov/
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Accomplishment: GUIl and web interface

m

| mievaciive | Uploadflle | Muliparam | Aschive |
Sysiem
Yea
Inﬁ--- : m--- e -
P
) Eestributed
Feedsiock Process.
ChRy
Population il
HI presmety gt | ) : E
Wehicke Faed Economy
) GREET saumce
() HDSAM soarce
 User defimed miGGE] H
Tithe
Im:—mnn“mﬁmﬁmgmﬁmimrhﬁdmtr?ﬁmmm |
n =
Descriphion
Bl oty biomass gasiicaban =1
weny LHD recks =
M city popuiation, T5% markel paratnaion
S milgoe HZ FCW
I=]
it Detzied gars => |

+=

=
L |

=5 Cetaded Inguts
| o £ Feedstock, Lkfes
=3 Baamass

o =] Usilios, co-praducts

o~ 5] Liguid HZ2 Deafsary

% C'Vehicks Charscterzation
% =3 Baseline Fued Eficiencies

o 3 H2 FCY o gasaline ICE vehick emissions raio

[} Source of Binorass feagstack consumptan (HIA PROD)
- [} Spurce of biomass feedslock cost (H2A PROO
[} Sounce of poplar farming enengyuse (GREET)
D Setecton of HZ pland co-product alowsnces (None )

[} sounce of natural gas ulily consumglon (H2A PROD)
[} soumce of ulEy slackicly consumglion (H2A PROO)
[} Source of uliily etackiciy price (H2% prad)

Produckian Faciity

P —

I

[} Source of producBan capacity Factor (HIA PRODY
[} soamce of numbar af producson FTES (H24 PROD)
[ source ofintemal rate of retum (H2A PROD)
Dalvary

Dispensireg Foracoun
D Sounce of gesoiine imlemal combauston engine vehicles " foal eficiency (420

D Sounte of gasolinge hybrid elechnic vahic ks ued eficiency (12 0 mie foge) |
D Source of B35 efhanl imdemal combushon engine vehicles' fual eficiency (3

] ] 3|

Somnce of peoduction total capial nvestmest

NVabpes [User mpat | | (25000000 |
s §
DescriphT soarce of peodiction 1otal caplal mestment

Lon || mesm |

| < Ed Requred iputs |

| Sebma || Wewswmesins || o |

http://h2-msm.ca.sandia.qov/
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0.25 1

B input distribution o
Accomplishment: risk analysis capabilities ]~
. B 0,15 e
Assumptions: distributed SMR advanced I 11—
technology case; fuel efficiency 28 mpg 0.05 A

GV, 50-70 mi/kg_H2; year 2020 0

. . - 34 38 4.3 4.7 5.1
Inputs: risk analysis expert opinions

. . . . . . production efficiency, Nm”3/kg H2
summarized in distribution functions for

: B 014 — result distribution

i)  capital investment, T B

i) O&M, A |

iii) capacity factor, B 068 ey

iv) production unit efficiency, £ 0'06 I L

(Report NREL/MP-150-43250, May 2008) = .| a0 0Qdddl.
0.02 A8 WHW-0-0-H-40 0

v) gasoline, NG feed cost - historic data )

vi) vehicle fuel efficiency (GPRA) 0100 0130 0160 0190

;- result scatter plot _
Analyzed tax on well-to-wheel (WTW) WTW GHG, g/m 5

green-house gas (GHG) emissions

wn
|
£

Compare the cost of fuel:

levelized cost, $/kg H2

hydrogen vs. gasoline

0.07 0.09 0.11

National Renewable Energy Laboratory WTW GHG, g/m



Accomplishment: WTW GHG tax risk analysis

Scatter graph points moved
slightly away from the red line

0.19 1

=
[a—
1

Gasoline cost, $/mile

no GHG tax

0.15 -
0.13 1%
0.11 ¢

0.09 1

____________________________________________________________________________

Gasoline cost + tax

0.05 0.07 0.09 0.11 0.13

National Renewable Energy Laboratory

Hydrogen cost, $/mile

GHG tax 50 $/ton CO2

0.19 e SR : ---------------- -------------------------
0.17 - | |
0.15 -
0.13 -
0.11 -
0.09 -

0.07

0.05
0.05 0.07 0.09 011 0.13

Hydrogen cost + tax
SMR: GHG tax expected to
have marginal effect on
stimulating hydrogen use in
transportation
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Progress: Milestone in MYRD&D Plan

The MSM is being used to complete the 2009 MYRD&D
Plan milestone on hydrogen pathways and scenarios.

Developing presentation
techniques that include all
three results & breaking
each down by system to
identify primary drivers

Presenting pathway
levelized cost and
well-to-wheels energy
use and emissions

Reviewing the
methodology and
primary assumptions
used for the analyses

Energy company staff and
other experts are validating
the process and identifying
gaps and issues

Innovation for Our Energy Future
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Approach: linking with HyDRA

HyDRA: http://rom.nrel.gov
Goal: to bring spatial dimension into the MSM

Geographically Geographically
specific ' MSM > specific
iInputs outputs
HyDRA HyDRA
database of distributed electrolysis graphic mapping
geo-specific info region-specific inputs: interface

1) electricity price
i) electricity grid mix

National Renewable Energy Laboratory Innovation for Our Energy Future



Accomplishment: linking with HyDRA

iInput: output:
electricity price, $/MWh electrolysis H2 cost (< 5 $/kg)
- electricity grid mix by state GHG emissions < 550 g/mile

5.+ a - Thund, -
. e (il Timmins 54 ? 7% Alma Rimousk
b, ot . - o {48 R ©5La Baie
3 o i ) S ' Jongugrs .

i e
4 EdrrLundslm

\Santa|Ros=ak
=San
Francisco
‘San Jose,
o

Cost by County ——
‘GHG Emissions by State

[ Less than 550 [#] Less than 5
k 222 han
VM5t 6
[ 550 to 800
7] EBtos
| 500 te 900
. [ &to10
[ 200 to 1150

Greater than 10
[ MM Grester than 1150 S :



Approach: linking with HyPRO

HyPRO: Directed Technologies, Inc.
Goal: to analyze technology/pathway evolution
Starting point:
1) HZ2 demand curve projection;
i) H2 production options and costs (H2A)
i) H2 delivery options/costs (HDSAM)
Advantages for linking MSM with HyPRO:
1) auto-updated links HYyPRO <« H2A/HDSAM

H2A i) H2ZA/HDSAM/GREET inputs’ effect on HyPRO
Production
HDSAM < MSM & > HyPRO

GREET

National Renewable Energy Laboratory Innovation for Our Energy Future



Progress & future work: linking MSM < HyPRO

MSM < ruby < > matab < HyPRO

hypro

- Data exchange g(@ss input file
M excel/xml \
M

MS HyPRO

. o
Z \C

output files G
(excel)
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Collaborations

- Sandia National Laboratories (computational development)
— Andy Lutz (manager, matlab expertise)
— Mike Goldsby (MSM architecture)
— Tim Sa (web server, GUI)

« NREL
— Darlene Steward, Mike Penev (H2A Production, distributed power)
— Johanna Levene, Chris Helms, Witt Sparks (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 (MYRD&D Plan Milestone)
— Matt Watkins (Exxon-Mobil)
— Jonathan Weinert, Bhaskar Balasubramanian (Chevron)
— Ed Casey (ConocoPhillips)
— CJ Guo, Karel Kapoun (Shell)
Alliance Technical Services (MYRD&D Plan Milestone)
— Melissa Laffen, Tom Timbario, Jr.
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Future work summary

Ongoing effort:

« update MSM to new versions of linked models

* support programmatic decisions through analyses
FY’09 goals:

« expand GUI capabilities and develop run-database
(60% completed)

* link with HyDRA (50% completed), HyPRO (50%),
H2A combined heat and power (start linking upon
official model release)

Looking ahead:

« H2W (water model); HyDS-ME (transient and
geospatial H2); PowerPark (details of underlying
physical properties)

National Renewable Energy Laboratory Innovation for Our Energy Future



Summary: MSM structure and future goals

Enhanced structure
 Give users MORE

flexibility Broader objectives
— Significantly expand GUI » Wider cross-cutting analysis
capabilities .
capabilities

 Link to MORE models
— H2A, HDSAM, GREET +

— Expanded links to models

HyPRO, HyDRA, H2Power, |[li7|© EXpanded range of
HyDS-ME, H2W, problems to analyze
PowerPark, ... — Include spatial and transient
- Expand to MORE analysis
computers

— Over the ‘net interactive

 Use MORE platforms
— xI + MATLAB

National Renewable Energy Laboratory Innovation for Our Energy Future



ADDITIONAL SLIDES
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Accomplishment: extensible robust structure

Model Server

Model Control System S

HTTP (SOAP)

Central Application Server

Model Script sy
I
Model API ody
I
Model {@}
Additional Model
Servers

Web-accessible interface |3

Web Services Engine ™= [ | Global Data Set %
Utility Scripts %
User Job (Maestro) S’TB&
Server Control System %
Web Server .. —— User Job Queue %
HTTP
Client

MSM built in
Ruby/Java/PHP/SQL

Ruby version is stable
and handles various
data types

Developed technique
that allows models to
run on different
machines

Developed web-
accessible graphical
user interface (GUI) to
make the MSM
available to more users

Validated results against
proof-of-concept MSM

National Renewable Energy Laboratory
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Uncertainty analysis in MSM

1st choice: DAKOTA
breaks the high-level
architecture

2"d choice: use @risk
allows to apply

risk analysis to
individual models

DAKOTA
MSM
/T\
H2A GREET HDSAM
(H2 production) ||  (emissions) (H2 delivery)
@risk
(H2 pl;lo%ﬁction) MSM (Hgl?jflﬁle\,{ly)
GREET

(emissions)

National Renewable Energy Laboratory
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Progress: linking MSM with HyPRO

HyPro is:

— HyPro = Hydrogen Production transition model

— Calculates expected H, cost for a variety of pathways
— Uses H, cost to predict which H, pathway is built in each year

— Creates a year-by-year build history of H, production, delivery and dispensing

— Excel input spreadsheet, calculations in MatLab

Production
(20)

H2A Production

Coal Gasification Biomass Existing
[15, ~300 TPD] [155 TPD] Supply
(11) (2) [80TPD]

(1)

Natural Gas Steam Methane
Reforming

[15, 380 TPD]
(3)

Nuclear

[672, 716, 767
TPD] (3)

< (6)

HDSAM

(6)

[ Terminals Regional Coal Regional CryoGT GT
i \ I l l /\ l
Delivery Cold Compressed Gas Truck (CryoGT) Pipeline High Pressure Liquid Truck Multi-Stop Low Pressure
(PL) Gas Truck (LT) Liquid Truck Gas Truck
(HPGT) (LT) (GT)
\ Dispensing 1.5 TPD Station 1.5TPD 1.5TPD 1.5TPD 0.1 TPD 0.1 TPD
Station Station Station Station Station

National Renewable Energy Laboratory
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Future work: transient emissions with HyPRO

Baseline Case with Upper Bound Forecourts . 140
£000 T T T E
T M Gasoline Vehicles
3 120 mm Hydrogen Production
a8 ] Y B i ——Cumulative Emissions
2030 - 2050: Central SMR with Pipeline Delivery ‘5‘ 100
L DR AEEDEECEECEEEEECD: 2 E
= 2 80
n& E_xisti_ng Hydrogen cross overto o
P 3
£ £ 60
2 2017 - 2029: FC, SMR w
(Upper Bound) - 1.5 TPD ON
700 ©
10
2012 - 2016: Existing Hydrogen
1000w Ligoid Trick Detvary 20
2%10 2015 2020 2025 2030 2035 2040 2045 2050 o 5 o o o
Year O O N O
X 3 v v ) > > )
O S O I S S A SR
Calendar Year

Using MSM links with GREET, we will keep transient GHG
updated

DTI has also shown the effect of emissions taxation on the
succession of H2 production technologies built

National Renewable Energy Laboratory Innovation for Our Energy Future
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