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Charlie’s instructions

9:00 a.m. - 12:00 p.m.

ESI Tutorial — Energy Systems Integration — An Introduction
Location: Kiva A

Chair: Mark O’Malley, Chief Scientist for ESI, NREL

As the penetration levels of variable renewable energy increase in electricity systems, coupling
with other energy vectors (e.g. fuels, heating/cooling) and energy infrastructures (e.g. transport,
water) becomes increasingly important and necessary. This integration across the wider energy
system is known as energy systems integration (ESI). The ESI Tutorial will briefly introduce the
topic of energy systems integration, and further examine two aspects in greater detail. The
tutorial will conclude with an outlook for the future, followed by a discussion period.

10:15a.m. —-10:30 a.m.

Break

Location: Kiva Patio

Introduction and Overview of Energy Systems Integration — Mark O’Malley, NREL (35
min)

Planning in an Integrated Energy System — Jim McCalley, lowa State University (50
min)

Transport in an Integrated Energy System — Johan Driesen, KU Leuven, Belgium (50
min)

Outlook for Energy Systems Integration — Mark O’Malley, NREL (15 min)
Open Discussion (15 min)




Initial Comments

Why now

Focus on where it matters — not an academic exercise

Every system is different

Not just about systems — devices and people with make up the energy system
It is about coordination NOT optimisation

Collaboration is key

Working Group on Research and Education



Overview

e What, why, who etc.
e Role of electricity

e Examples

O energy vectors
o scales
o other infrastructures

o institutional

e Conclusion
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What, why, who etc.




for Energy Systems

What is Energy Systems Integration (ESI) ? wESI:Ee

Energy system integration (ESI) = the process of coordinating the operation and
planning of energy systems across multiple pathways and/or geographical scales
to deliver reliable, cost-effective energy services with minimal impact on the

environment.




European/US context
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Strategic Energy Technology (SET) Plan

Towards an Integrated Roadmap:
Research & Innovation Challenges and Needs
of the EU Energy System
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http://www.nrel.gov/esi/esif.html

Why is Energy Systems Integration Important ?

The value of ESl is in coordinating the energy system to
deliver reliable, cost-effective energy services to the

energy consumer and society, with minimal impact on
the environment.

ESI, therefore, is a strategically important area to achieve
mankind’s goals of achieving a sustainable energy future.



Where is Energy Systems Integration Valuable ?

ESI is only of interest at the interfaces between the energy
vectors, scales and institutional mechanisms, where the coupling
and interactions are strong.

It is important that ESI is focussed on the interfaces where

significant reliability, and/or economic, and/or environmental
benefits can be achieved.




Why is Energy Systems Integration Valuable

ESI is not new but recent trends are increasing the challenges and
opportunities at the interfaces.

The biggest trend driving ESl is the global trend to decarbonise the
energy system.

The increasing penetration of variable renewable energy
resources, in particular wind and solar Photovoltaics, or PV, in
electricity systems is resulting in ESI opportunities.

Variable renewable energy is growing rapidly and presenting
integration challenges where it may have to be curtailed if the rest
of the system is not flexible enough.

Flexibility can be improved by coordinating energy vectors and
institutional mechanisms across scales.
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Maxwell

What do they need to understand ?

. special case!
Inertia F=ma
all
matter

§E-dA=%’§£

$B-dA = 0
do
- dt

§E~ds

Newton's Laws

Supply and Demand

Demand Supply

PRICE

— £4%
Y | 0 10 20 30Q%0 50 &0
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The Breadth of Knowledge Test
You have o general BwWarsness across 3

a range of IT lopics /\'/\

KEEP
CALM

BREADTH

I'M NOT AN

Skills assessment inlerview

e EXPERT

specific arsa of IT
You are an expert in your Neld







The Importance of Electricity in ESI




The global energy system today

Renewables

and waste Industry
68 EJ 127 EJ
Other end-
use 23 EJ
Buildings
_ 115 EJ
Fossil fuels Refineries
411 E) and other
transformation
Transport
93 EJ
Nuclear
29 EJ
Own use, conversion
and distribution losses 149 EJ
M Renewables and waste M Fossil fuels [ Nuclear ¥ 0il products M Electricity B commercial heat

Dominated by fossil fuels in all sectors: (Source IEA)



The future low-carbon energy system

Renewables

Industry
and waste 1908
289 EJ
Other end-
use41lE)
Buildings
130 EJ
Refineries
. and other
Fogszllzfll;]eb transformation
215EJ
Transport
105 EJ

Nuclear
86 EJ

Own use, conversion
and distribution losses 233 EJ

M Renewables and waste M Fossil fuels 7 Nuclear ¥ Oil products M Electricity

B Commercial heat M Hydrogen

The 2DS in 2050 shows a dramatic shift in energy sources and
demands: (Source IEA)



The Electric Future

RENEWABLE
SOURCES

Nuclear
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The Future is Electric

PERCENTAGE ANNUAL GROWTH

I I I I
HISTORY PROJECTIONS

NET
ELECTRICITY
GENERATION

TOTAL
ENERGY
CONSUMPTION

1990 1995 2000 2005 2010 2015 2020 2025 2030

Source: Energy Information Administration (EIA), 2008.




Investment: the essence of energy
OUTLOOK

Cumulative investment in energy infrastructure, 2011-2035

Power: $16.9 trillion

COAL BIOFUELS
$1.1 trillion $0.3 trillion

M Generation

Transmission

Distribution
NATURAL GAS

$9.5 trillion

Gas: $9.5 trillion
POWER
M Upstream 516.9 trillion
LNG chain

6%

M Transmission and
distribution

OIL
$10.0 trillion

WEO-2011 will show that 538 trillion of investment is required to meet projected energy
demand through to 2035 and that investors in energy projects are facing a multitude of risks
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Energy or Water?
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Most energy solutions fail without watér;

But all water solutions fail without energy.

The problem of water is: Energy!!!
(0.2 kWh/ma3: rainwater, 1IkWh/m3: NEWater; Desal 3.5 KkWh/m3)
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Nick Hodge, in Energy and Capital, June Sth 2008



Global generation units with water stress*
Medium to extremely-high stress

32

Today:

of Global

Water-Reliant Power
Production

Fuel Type

@ Coal

= Oil

+ Natural Gas

4 Nuclear

¥ Geothermal

&= CSP

¢ Hydro

+ Other
Baseline Water Stress

W Low (<10%)

M Low-Medium (10-20%)
Medium-High (20-40%)

High (40-80%)

[ | F_x'Fremely High (>80%) *Notes: Includes thermal and hydro plants. For visualization purposes,
Arid and Low Water Use plants with design capacity less than 100 MW are not shown. v
No Data Source: Platts UDI Database 2012 and WRI Aqueduct data

Over 26,000 units are in areas of medium to extremely-high water stress

) . 4
®© 2014 General Electric Company. All Rights Reserved. February 18, 2013







At different scales
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10-100GW
Regions

Reliable, affordable and clean
energy systems adopted at a
pace and scale to meet global
energy and environmental
objectives

1-10 GW
Cities

100MWs
Communities

Scale

10MWs
Campus, Circuits

1MW
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Gas Electricity Interface




Wind installed in Ireland

3000

22 % electricity from Wind 2016
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Eirgrid Generation Capacity Statement 2017-2026 and Irish Wind Energy Association
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http://www.eirgridgroup.com/site-files/library/EirGrid/4289_EirGrid_GenCapStatement_v9_web.pdf

System Generation: All Island

Last updated: 29 April 2017, 23:45

LATEST SYSTEM THERMAL GENERATION RENEWABLE NET
GENERATION (COAL, GAS, OTHER) GENERATION IMPORT
3,624 MW 59.14 % 48.09 % -/.23 %

Actual System Generation

nts the tatal electricity production on the system, including system losses

System Generation repr £
but net of generators’ re Systemn Generation i1s shown in 15 minute intervals
DAY WEEK MOMTH COMPAREWITH OTHER DATA.
< Today (29/04/2017)
6,000
4,000 ——— —
=
=
2,000
0
Q000 0200 03200 0&6:00 0E:00 1000 12:00 14-:00 1&:00 18:00 20:00 22:00 23:-59

— ACTUAL SYSTEM GEMERATIOMN ACTUAL WIND GEF



http://smartgriddashboard.eirgrid.com/

April 2017 fuel mix (Ireland)

Average Fuel Mix

DAY WEEK MONTH

http://smartgriddashboard.eirgrid.com/




Heat and integrating the consumer




Load shifting (thermal electric storage) in Ireland

Capacity value of resource
is limited because:

Consumer requirements

—e—Load-Shifting Resource Operation (MW)
—=—Heat Output (MW)

== Heating Requirement (MW)
—a--Thermal Energy Storage (MWh)

400 1 A | 800
e LOLP =mSMP E
¢ 0.40 200 = 0%
] : [ ] = o
t 7]
’ -’.O = { = 1]
~ - - ;/\ -
]
Heating Base 100% 85 % Storage 2
>
(A Case o o 20
o Resistive & 15% Resistive o
a Metric ;ﬁ
ELCC 180 MW 62 MW
Capacity Value 26% 9%
(J.UU T 1 v h
0 50 100 n

Top 100 LOLP Hours
S Nolan, O Neu, M O'Malley. "*Capacity Value Estimation of a Load-Shifting Resource using a Coupled Building and Power System Model", Applied Energy, Vol. 192, pp. 71 — 82, 2017.



How they do 1t in China

- BT

Source: Chongqging Kang, Tsinghua University

Chen, X,, Kang, C., O’'Malley, M.J,, Xia, Q., Bai, J., Liu, C., Sun, R., Wang, W. and Hui, L., “Increasing the Flexibility of Combined Heat and
Power for Wind Power Integration in China: Modeling and Implications”, IEEE Transactions on Power Systems, Vol. 30, pp.1848-1857, 2015.



Cost of heat storage is all about scale

S/kWh (delta 60 K)

Source: Marketdata o

.............................................................................................

$/kWh (delta 60 K)
O = ROW s D = 00

0 5000 10000 15000

Source: Juha Kiviluoma
m3



Flexible CHP can reduce wind curtailment

BAL E-boiler

1000

Both
1000 ' '

500

5 10 15 20 5 10 15 20
Hours Hours
Bl Conventional BECHP-1L CHP-2IWind Il Wind Curtailed  Load

Chen, X., Kang, C., O’'Malley, M.J,, Xia, Q., Bai, J., Liu, C., Sun, R., Wang, W. and Hui, L., “Increasing the Flexibility of Combined Heat and
Power for Wind Power Integration in China: Modeling and Implications”, IEEE Transactions on Power Systems, Vol. 30, pp.1848-1857, 2015.
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Denmark ahead of the rest




Wind energy %, electricity, Denmark
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Jutland - Sweden Power l’ight now

o Exports: 332 MW Measured in MW:
.-_ ,-° . Central power stations 1315
% e’ Local CHP plants 298
: Wind turbines 3.951
Solar cells 0
JEREOES Hote Net exchange eksport 2.096
Exports: 1.530 MW Electricity consumption 3.469
o CO2 emissions 164 g/kwh

LEGEND v

Zealand - Sweden

Exports: 1.026 MW

—
-

Bornholm - Sweden

Exports: 16 MW

The Great Belt
---> 590 MW

Zealand - Germany
Jutland - Germany

Imports: 336 MW
Imports: 473 MW

https://www.energinet.dk/EN/EI/Sider/Elsystemet-lige-nu.aspx I Last updated 2. februar 2016 23:28



Denmark integration of wind: The role of interconnection
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Jutland - Sweden Power right now
Exports: 392 MW Measured in MW:

Central power stations
Local CHP plants

Wind turbines 364
Solar cells 42
Net exchange import 1.674
Electricity consumption 3.708

Jutland - Norway
Imports: 702 MW

CO2 emissions 410 g/kWh

LEGEND v

Zealand - Sweden
Imports: 306 MW

—

Bornholm - Sweden
Imports: 27 MW

The Great Belt
---> 270 MW

Zealand - Germany
Imports: 330 MW

Jutland - Germany
Imports: 701 MW

https://www.energinet.dk/EN/El/Sider/Elsystemet-lige-nu.aspx I Last updated 22. august 2016 7:20
-




Co optimization of heat and electricity at scale

Heat cost

35

30

25 \\
§ 20 == HOB light oil
=
g e HOB gas
5 15 \ = CHP gas

\\
\ — e CHP coal

=== CHP wood pellets
NG

° N

\/

N\ "

0 20 40 60 80 100 120
EUR/MWh electricity

Source: Lars Bregnbaek, EAEA

B CHP Station

A Incineration Plant

== Transmission pipeline

® VEKS district heating area

@ CTR district heating area

@ VF incineration district heating area
District heating — steam




CHP with District Heating in Denmark

b b R S A * Integrated combined heat and
power has:

e dramatically increased
efficiency (30 %)

e allowed 10 % of electricity
from biomass

* Reduced CO2 emissions by 20
%

* Increasing the opportunity for
natural gas

* Decentralized CHP

Figure 3: Fuel consumption for district heating production,
percentage distribution

Traditional System CHP System
o

‘-\\ 4
?“f’?&""t\. . 4
TIRAE IO Electricity
4

b
»
-

q

Boiler Heat

1580 ‘8s ‘S0 ‘as ‘00 ‘oS '07

mOlie Maturgas mKul mVedvarende energi m.m.
foil /natural gas /coal frenewables etc.

Efficiency Efficiency



How to balance large penetratons of electricity from variable

renewables like wind?

Wind profiles in January

MW
8000

7000

6000

5000

4000

3000

2000

1000

0

Ny

2010 12020 o] oad

*VVoltage and frequency control etc.

grid support*

from conventional power plants must be identified

Aksel Hauge Perdersen, Ws Electrolysis and CO,-Recycling for Production of Green Fuels
DTU Risg Campus, Roskilde, Denmark - April 9 — 11, 2013

1 2 3
Periods with Periods with Periods requiring fast
surplus deficit ramping
of power of power of back-up capacity
4 .- =Y Y | VYA I
Alternatives to



ESI in Denmark

Power

uf’ generation
¥ ) Gas turbine, CC,
Electrolysis BH; } fuel cells etc.
Alkaline,
fuel cells
District h
Biomass and waste
Yellow biomass
S oo Gas storage Biofuel
; facilities w’ cataly=loh
Green biomass Thermal H.+CO nPse
Energy willow, clover etc. i gasiﬁcation s+ ’
District |
8
. T Upgradin
Blogas *'} Mepthgane(CH i
{Classic)
4 ‘f.’ﬁ. Sp

p

|

CH,+CO,

International gas infrastructure

Meibom, P.; Hilger, K.B.; Madsen, H.; Vinther, D., "Energy Comes Together in Denmark: The Key to a Future
Fossil-Free Danish Power System," Power and Energy Magazine, IEEE , vol.11, no.5, pp.46,55, Sept. 2013.
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Reading Material
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transportation infrastructures.
&r @ = | EnergySystems IEEE Power
Integration: & Energy
%Wmﬁ Defining and Magazine -
i Describing the January 2017

P n Viaes Ve 8 e
e ety ¥ (e

e — Value Proposition —

o

- June 2016

e W
P
R Bestaw o e Bt Rae

Cw A e are wia e,

R
L
-,




For Further Reading MES|

*  “Energy Systems Integration - A Convergence of Ideas”, B. Kroposki, B. Garrett, S. Macmillan, B.
Rice, C. Komomua, M. O’Malley, D. Zimmerle, NREL/TP-6A00-55649, July 2012,
http://www.nrel.gov/esi/pdfs/55649.pdf

*  “Energy Comes Together — The Integration of All Systems”, M. O’Malley and B. Kroposki, IEEE Power
& Energy Magazine, Sept/Oct 2013, pp. 18-23, http://ieeexplore.ieee.org/document/6582607/

*  “Energy Systems Integration: An Evolving Energy Paradigm”, M. Ruth and B. Kroposki, The
Electricity Journal, 2014, http://www.sciencedirect.com/science/article/pii/S1040619014001195

*  “Renewable Electricity Futures Study” (Entire Report) National Renewable Energy Laboratory.
(2012). Renewable Electricity Futures Study. Hand, M.M.; Baldwin, S.; DeMeo, E.; Reilly, J.M.; Mai,
T.; Arent, D.; Porro, G.; Meshek, M.; Sandor, D. eds. 4 vols. NREL/TP-6A20-52409. Golden, CO:
National Renewable Energy Laboratory. http://www.nrel.qov/analysis/re futures/

*  “Blending Hydrogen into Natural Gas Pipeline Networks: A Review of Key Issues”, M. Melaina, O.
Antonia, and M. Penev, NREL/TP-5600-51995, March 2013,
http://www.nrel.gov/docs/fy130sti/51995.pdf

*  “Multiple-energy carriers: modeling of production, delivery, and consumption”, Krause, T,
Andersson, G., Frohlich, K. and Vaccaro, A. (2011, /EEE Proceedings, 99 (1), pp. 15-27.
http://ieeexplore.ieee.org/document/5638594/

*  “Unleashing the Flexibility of Gas: Innovating Gas Systems to Meet the Electricity System's
Flexibility Requirements”, S. Heinen, C. Hewicker, N. Jenkins, J. McCalley, M. O'Malley, S. Pasini, S.
Simoncini, IEEE Power & Energy Magazine, Jan/Feb
2017,http://ieeexplore.ieee.org/document/7845750/

*  “Harnessing Flexibility from Hot and Cold: Heat Storage and Hybrid Systems Can Play a Major Role”,
J. Kiviluoma, S. Heinen, H. Qazi, H. Madsen, G.Strbac, C. Kang, N. Zhang, D. Patteeuw, T. Naegler,
|IEEE Power & Energy Magazine, Jan/Feb 2017, http://ieeexplore.ieee.org/document/7842783/



http://www.nrel.gov/esi/pdfs/55649.pdf
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http://www.sciencedirect.com/science/article/pii/S1040619014001195
http://www.nrel.gov/analysis/re_futures/
http://www.nrel.gov/docs/fy13osti/51995.pdf
http://ieeexplore.ieee.org/document/5638594/
http://ieeexplore.ieee.org/document/7845750/
http://ieeexplore.ieee.org/document/7842783/

Reading Material # 1

CIGRE 2012; Technical Brochure on Coping with Limits for Very High Penetrations of Renewable Energy, Joint
Working Group C1/C2/C6.18 of Study Committee C6, August 2012, International Conference on Large High
Voltage Electric Systems

Chongging Kang; Xinyu Chen; Qianyao Xu; Dongming Ren; Yuehui Huang; Qing Xia; Weisheng Wang;
Changming Jiang; Ji Liang; Jianbo Xin; Xu Chen; Bo Peng; Kun Men; Zheng Chen; Xiaoming Jin; Hui Li; Junhui
Huang, "Balance of Power: Toward a More Environmentally Friendly, Efficient, and Effective Integration of
Energy Systems in China," Power and Energy Magazine, IEEE , vol.11, no.5, pp.56,64, Sept. 2013, doi:
10.1109/MPE.2013.2268752

X. Chen, C. Kang, M.J. O’'Malley, Q. Xia, J. Bai, C. Liu, R. Sun, W. Wang and L. Hui, “Increasing the Flexibility of
Combined Heat and Power for Wind Power Integration in China: Modeling and Implications”, IEEE Transactions
on Power Systems, in press, 2015. [10.1109/TPWRS.2014.2356723]

Corbus, D.; Kuss, M.; Piwko, D.; Hinkle, G.; Matsuura, M.; McNeff, M.; Roose, L.; Brooks, A., "All Options on the
Table: Energy Systems Integration on the Island of Maui," Power and Energy Magazine, IEEE , vol.11, no.5,
pp.65,74, Sept. 2013

doi: 10.1109/MPE.2013.2268814

EASAC, “Transforming Europe’s Electricity Supply — An Infrastructure Strategy for a Reliable,

Renewable and Secure Power System” European Academy of Sciences Advisory Council, May 2009.
http://www.easac.org/document.asp?id=96&pageno=&detail=5&parent

Favre — Perrod, P. “Hybrid Energy Transmission for Multi-Energy Networks” PhD thesis submitted to ETH Zurich

Geidl, M. “Integrated Modeling and Optimization of Multi-Carrier Energy Systems” PhD thesis submitted to
ETH Zurich

Geidl, Martin; Andersson, G., "Optimal Power Flow of Multiple Energy Carriers," Power Systems, |IEEE
Transactions on , vol.22, no.1, pp.145,155, Feb. 2007 doi: 10.1109/TPWRS.2006.888988


http://dx.doi.org/10.1109/TPWRS.2014.2356723
http://www.easac.org/document.asp?id=96&pageno=&detail=5&parent

Reading Material # 2

Geidl, Martin; Koeppel, G.; Favre-Perrod, P.; Klockl, B.; Andersson, G.; Frohlich, K., "Energy hubs for the
future," Power and Energy Magazine, IEEE , vol.5, no.1, pp.24,30, Jan.-Feb. 2007, doi:
10.1109/MPAE.2007.264850

Hemmes, JK., .L. Zachariah-Wolf, M. Geidl, G. Andersson, Towards multi-source multi-product energy systems,
International Journal of Hydrogen Energy, Volume 32, Issues 10-11, July—August 2007, Pages 1332-1338, ISSN
0360-3199, http://dx.doi.org/10.1016/].ijhydene.2006.10.013.

Dag Henning, MODEST—An energy-system optimisation model applicable to local utilities and countries,
Energy, Volume 22, Issue 12, December 1997, Pages 1135-1150, ISSN 0360-5442,
http://dx.doi.org/10.1016/S0360-5442(97)00052-2.

Holmes, J., "A More Perfect Union: Energy Systems Integration Studies from Europe," Power and Energy
Magazine, IEEE , vol.11, no.5, pp.36,45, Sept. 2013, doi: 10.1109/MPE.2013.2268714

Koeppel, G. A. “Reliability Considerations of Future Energy Systems: Muti-Carrier Systems and the Effect of
Energy Storage” PhD thesis submitted to Swiss Federal Institute of Technology Zurich

Kiviluoma, J., Meibom, P.; “Influence of wind power, plug-in electric vehicles, and heat storages on power
system investments” Energy, Volume 35, Issue 3, March 2010, Pages 1244-1255

Krause, T.; Andersson, G.; Fréhlich, K.; Vaccaro, A., "Multiple-Energy Carriers: Modeling of Production,
Delivery, and Consumption," Proceedings of the IEEE , vol.99, no.1, pp.15,27, Jan. 2011, doi:
10.1109/JPROC.2010.2083610

Krishnan, V.; Das, T.; Ibanez, E.; Lopez, C.A.; McCalley, J.D., "Modeling Operational Effects of Wind Generation
Within National Long-Term Infrastructure Planning Software," Power Systems, IEEE Transactions on , vol.28,
no.2, pp.1308,1317, May 2013

doi: 10.1109/TPWRS.2012.2216293

Kroposki, B., Garrett, B., Macmillan, S., Rice, B., Komomua, C., O’'Malley, M.J., Zimmerle, D. “Energy Systems
Integration, A Convergence of Ideas, National Renewable Energy Laboratory, Technical Paper NREL/TP-6A00-
55649, July 2012. http://www.nrel.gov/docs/fy120sti/55649.pdf



http://dx.doi.org/10.1016/j.ijhydene.2006.10.013
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