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Storing Renewable Energy for Nebraska and Beyond
using Vanadium Flow Batteries
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Richard Errett Smalley
1996 Nobel Prize
Fullerenes “Buckyball’
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World's Top Ten Challenges

Sustainable Research

World:7.63 Billion (2018)
China: 1.38 (18.4%)

India: 1.30 (17.4%)

US: 328 Million (4.4%)

&
1960: 3.0B 2020: 8.7B

Energy
 Supply & Demand
 Environment

* Sustainability

Water

* Supply & Demand
* Environment

« Sustainability



Motivation
Materials and Sustainable Research

Separations (gas, liquid, ions) Small Large Solution Diffusion
Batteries (ions - redox) channel  channel P=DS
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Energy Storage
Technology Summary

Reserve & Response Transmission and Distribution
Services

Hours

Flow Batteries

Advanced Lead-Acid Battery
High-Energy
Supercapacitors

Nickel Cadmium Battory

Discharge Time
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Energy Storage
Technology Summary and Pumped-Storage Hydropower (PSH)

OPEN-LOOP PUMPED-STORAGE HYDROPOWER CLOSED-LOOP PUMPED-STORAGE HYDROPOWER

Projects that are continuously connected to a naturally flowing water feature Projects that are not continuously connected to a naturally flowing water feature

Total MW

Deploved:
172,928

- . e—— Penstock/Tunnel Penstock/Tunnel —e
Con )y ..__.__._ Powerhouse Powerhouss P
. Generator/Motor

o—————————— Turbine/Pump

* Lower Reservoir

Table 2.1. Worldwide deployment by technology type, 2018.

Technology MW Deployed

Sodium sulfur 189
Lithium-1on 1,629
Lead amd 75
Sodium metal halide 19

Flow battery T2

PSH 169,557
CAES 407
Flywheels 931
Electrochemical capacitor 49

Total 172,928




Energy Storage
Technology Summary and Pumped-Storage Hydropower (PSH)
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Federal energy regulatory commission map of PSH projects that have received licenses as of
October 2018.



Energy Storage
Technology Summary

Type

Electrochemical
Energy Storage

Technology

Sodmm-
sulfur battery

Li-iom battery

Lead-amd
battery

Sodium metal
hahde battery

Zine-hybnd
cathode
battery

Fedox flow
battery

Description
A molten-zalt battery made uwp of sodmm (Na)
and sulfuor (5) that operates at hngh temperature
ranges and is primarnly suitable for =4-hour
A battery based on charge and discharge
reachons from a hithiated metal oxide cathode
and a graphite anode. Thas battery technology 15
used mn a wide variety of apphcabons.
A battery made up of lead dicxade (PhO:) for the
positve electrode and a spongy lead (Fb)
negafive elecirode. Vented and valve-regulated
batteries make up two subtypes of this
technology.
A molten battery made up of meckel (1), sodmm
chlonde (NaCl), and sodium (MNa) whoch 1s kept
at a temperature between 270°C and 350°C.
Batteries using other matenals are being
developed to decrease cost and operation
temperature.
A high-snergy density battery storage
technology that uses mnexpensive and wadely
available materials. Zine-hyvbrd cathode
batteries use non-flamymable, near-newtral pH
aqueous electrolytes that are non-dendritic and
do not absork CO4.
A battery in which energy storage 1n the
electrolyte tanks 15 separated from power
generation in stacks. The stacks consist of
positve and negative alactrode compartments
drvided by a separator or an 1on exchangs
membrane through which 1ons pass to complete
the electrochemucal reactions. Scalability due to
modulanty, ability to change energy and power
independently, and long cycle and calendar life
are attractmve features of thas technology.

Typical
Power
Range

Several KW
to faw MW

1EW to
100 MW

Up to a few
MW

Several MW

250 kW
repeat umit up
to 2 MW

Several KW —
30 MW

Typical
Energy
Range

100 KWh ar

higher

=200 MWh

<10 MWh

4EWh -
several MWh

1 MWh
subsystemn
repeat unit up
to 8 MWh

100 kW to
120 MWh




Energy Storage
Technology Summary

Tpical Typacal
Power Energy
Tvpe Technology Drescription BEange Eange
Mechamical Compressed  This energy storage syvstem 15 based on using Up to 500 1 GWh to
Energy Storage  amr energy electnicity fo compress air and store 1t 1n MW 20 GWh
storage underground caverns. The air 15 released when
peeded and passed through a turbine to generate
electnicity.
Flhywheals A storage system that reliss on kimetic energy Upte 20 MW Upto 5 MWh
from rotor spmming through a “nearly
frictionless enclosure™ that can provide short-
term power through inertia.
Pumped A technology that stores energy by pumping Upto 3,600 Upto 40
storage hydro water from a lower to a gher reservoir and then MW GWh
releasing it back through the conmection, passing
through a turbine(s), whach generates elecincity.
Thas technology 15 typically used for grnd-scale
storage.
Electnical Energy Ultracapacitor Ulfracapacitors store energy at the double layver 250kW to 25EWhto
Storage of each electrode separated by a dielectric and 2 MW 20kWh
can discharge energy mstantaneously. Due to
lack of chemical reaction, the cyele life 15 orders
of magnitude higher than battery cycle Lifa.
HNon-storage Combustion A gas twbine converts foel such as natural gasto 10EKW — Mot
(reneration turbine mechamical epergy, which drives a penerator to 100 MW apphecable

produce electricrty.
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Energy Storage
Technology Summary
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Sodium-Sulfur Lithium-ion Lead Acid Sodium Metal ZincHybrid Redox Flow Pumped
Halide Cathode Storage Hydro
Electrochemical Mechanical

M Capital Cost

W BOP mMPCS

C&C MO&M #2025 Total S/kWh



Energy Storage
Technology Summary

Pumped Storage Compressed Air Flywheels Ultracapacitor Combustion
Hydro Turbine
Mechanical Electrical MNon-storage

M Capital Cost " BOP MPCS MCE&C MHO&M #2025 Total 5/kW
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Energy Storage

Technology Summary

Table ES.1. Summary of compiled 2018 findings and 2025 predictions for cost and parameter ranges by technology type — BESS @

Sodium- Sodium Metal Redox
Sulfur Battery Li-TIon Battery Lead Acid Halide Zinc-Hyhrid Cathode Flow Battery
Parameter 2018 2025 2018 2025 2018 2025 2018 2025 2018 2025 2018 2025
Capital Cost — Enﬂ—gy 400-1,000 | (300-675) 223-323 (156-203) 120-201 (102-24T) 520-1.000 (364-630) 265-263 (179-199) 435-952 (326-643)
Capacity ($/kWh) 661 (465) 271 (189) 260 (220 700 (482) 265 (192) 555 (393)
IPower Conversion 230470 | (184329) | 230470 | (184329) | 230470 | (184329) | 230470 | (184329) | 230470 | (184329) | 230470 | (184.329)
System (PCS) ($/kW) 350 | (211 | 288 Q11 350 @11) 350 Q11 350 11 350 @11)
[Balance of Plant (BOP) 80-120 | (75-115) 80-120 (75-115) 80-120 (75-115) 80-120 (75-115) 80-120 (75-115) 80-120 (75-115)
($/W) 100 93) 100 93) 100 (93) 100 (95) 100 (95) 100 (95
Construction and 121145 | (115-138) | 92110 (87-105) 160-192 | (152-182) | 105-126 | (100-119) | 157-188 | (149-179) | 173207 | (164-197)
Commussioning ($/kWh) 133 (127) 101 (96) 176 (167) 115 (110) 173 (164) 190 (180)
Total Project Cost 2394-5.170(1.919-3.696)] 1.570-2.322 [(1,.231-1.676) | 1,430-2.522 | (1.275-2.160) | 2.810-5.004 | (2,115-3.440) | 19982 402 | (1.571-1.956) | 2.742-5.226 | (2.219-3 804)
($/KW) 3626 | (2,674) | 1876 | (1446) | 2,194 | (1,854) | 3,710 | (2,674) | 2202 | (1,730) | 3430 | (2,598)
Total Project Cost 590-1.203 | (480-924) 393-581 (308-41%) 338-631 (319-340) 703-1274 (320-860) 500-601 (393-489) 686-1,307 (355-951)
($/KWh) 907 (669) 469 (362) 549 (464) 928 (669) 551 (433) 858 (650)
0&M Fixed ($/kW-yr) 10 (8) 10 (®) 10 (8) 10 8 10 (8) 10 8
* JO&M Variable (cents/kWh) 0.03 0.03 0.03 0.03 0.03 0.03
System Round Trip 0.75 0.86 0.72 0.83 0.72 0.675 0.7
[Efficiency (RTE)
Annual RTE 0.34% 0.50% 5.40% 0.35% 1.50% 0.40%
Degradation Factor
sponse Time (limited by 1 sec 1 sec 1 sec 1 sec 1 sec 1 sec
Cs)
‘yeles at 80% Depth of 4,000 3,500 900 3,500 3,500 10,000
ischarge
ife (Years) 135 10 26 3) 12.5 10 15
9 (10) 9 (10) 9 (10) 7 0] 6 (8) 8 ©)
8 (9) 8 9 8 (9) 6 (8) 5 0) 7 (8)

a) An E/P ratio of 4 hours was used for battery technologies when calculating total costs.
R1 = manufacturing readiness level, O&M = operations and maimntenance; TRL = technology readiness level.
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Technology Summary

Table ES.2. Summary of compiled 2018 findings and 2025 predictions for cost and parameter ranges by technology type —non-BESS.

c) EP=00125h

Parameter Pumped Storage Hydropower Combustion Turhine CAES® Flywheel®  Ultracapacitor™®
Capital Cost — Energy Capacity ($/kW) 1,700-3,200 678-1,193 1,050-2,544 600-2,400 240-400
2,638 940 1,669 2.400 400
E@w&r Conversion System (PCS) ($/kW) Included in Capital Cost N/A NiA Included in 350 (211)
Capital Cost
alance of Plant (BOP) ($/kW) 100 (93)
Construction and Commissioning ($/kW) 480@ g0@
Total Project Cost (3; ."‘k'W) 1.700-3.200 678-1,193 1,050-2 5344 1,080-2 880 930 (835}
2,6389 940 1,669 2.880
Total Project Cost ($/kWh) 106-200 94-220 4.320-11.520 74,480 (66,640)
165 105 11,520
0&M Fixed ($/kW-year) 159 13.0 16.7 56 1
(0&M Variable (cents/kWh) 0.00025 1.05 021 0.03 0.03
System Round-Trip Efficiency (RTE) 0.80 0328 052 0.86 092
Annual RTE Degradation Factor 0.14% 0.14%
[Response Time FS AS Ternary From cold start: 3-10 mun 0.25 sec 0.016 sec
Spimningn-airto fully 5 55 0 6o5 29405 _10min
ke s e
generation| 01205 90s 6590 oui kﬁ.ﬁofmm .
B ck start r. rate:
Spmningn-urto Ml sog0s 705 25305 22 29%/min
Shutdown to full load [ 160-360s 230s  B80-85¢
Full lg‘::l‘;;f_ﬂl 902205 2805 2560
Full generation 10 il 249 500 s 4705 2545568
“vcles at 80% Depth of Discharge 15.000 Not Relevant 10,000 200,000 1 million
ife (Years) =25 20 25 =20 16
9(10) 10 8 8 (%) 9
RL (9 9 7(8) 7(8) 8
a) EP=16h (d) 20 percent of capital cost
[b) EP=025h AS = adjustable speed; FS = fixed speed.




Redox Flow Battery

* Rechargeable

» Modular Power and Capacity

* Unlimited Longevity

Challenges
« Membrane Stability

lon Cross-over

* Electrolyte Cost

V3* + VoS + 2Ht =
VOt + V3+ + H,0
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Vanadium Redox Flow Battery
lonomer Design and Processing
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Redox Flow Battery
Technology Capital Costs

Table 4.16. Capatal costs for redox flow battenes.

Battery Capital
Cost ($EWh) Notes Source
90 5EW, 20 kWh RedT Energy Storage (2018)
4 400 Euros Uhrig et al (2016)
463 Moack et al (2016)
$730-51.200 Includes PCS cost and 3131/ kWh performance Aquing et al. (2017a)
Euarantes
$542-052 After removing PCS and performance pusrantee costs  Aguino et al. (2017h)
$300-3700 DNV GL (2016)
J4468 Selmon & Wynne (2017)
PMML calculations — increased enerpy cost by 10% o Viswanathan et al. (2014,
$435-584 account fl:-r_lm.rer DD than the 80% Dol used for Crawford et al. (2015)
the calculations. Increased cost by 15% fo account for
container, DdC confrols, BMS.
$357-552 I'S:ETU-E-P:ID ﬁ:rrinEta.Jla:l cost. Removed PCS, prid Damato (2017)
integration and equipment tax fees, and GRcA costs.
Volterion stack costs including control units was 800 Seipp (2018)
76 Euros/EW. Conversion to 1S dollars and using stack
costs as 35% of DC system cost.
488 Volterion mid-term stack costs — mid-term was not Seipp (2018)
specified, it may be assumed fo be 2021.
$203 Based on stack cost of 3250kW, a 60% reduction doe  Seipp (2018)

to B&D.




lonomers
Composition and Functionalization (Processing)
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“Getting Ready’ is the
secret of success.
Henry Ford
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Nebraska Wind & Solar Conference & Exhibition - 2019 October 291-30th, 2019

An Integrated Approach to %
Improved Wind Forecasting |
in Nebraska

Stonie Cooper, Mesonet Manager £

Nebraska State Climate Office ¥

School of Natural Resources p F‘*C‘ff

University of Nebraska - Lincoln |
1D

NEBRASKA STATECLIMATE OFFICE



Wind Potential

* Nebraska lies in area of

high wind energy potential.

* Wind can vary significantly
over space and time.

* Accurate wind forecasts at
turbine height are
underutilized.

104°

Nebraska - Annual Average Wind Speed at 80 m

102° 100° 98° 96°

42°

40°
102° 100° 08° 96°

50 0 50 100 150 200 Kilometers

50 0 100 Miles
Source: Wind resource estimates developed by AWS Truepower,
LLC for windNavigator®, Web: http:/Awww.windnavigator.com | 2 '.. " Qng
http://www.awstruepower.com. Spatial resolution of wind resource oo s P
data: 2.5 km. Projection: UTM Zone 14 WGS84. e AWS Truepo YV el &,ﬁ

., %, Where science delivers performance,

NEBRASKA STATE CLIMATE OFFICE




GOAL

Provide a reliable and timely wind forecasting tool for use in energy
production applications.

OBJECTIVES

* Incorporate Nebraska Mesonet data into weather forecasting model
and document change in skill.

* Develop specialized wind forecast product for NPPD.



The Nebraska Mesonet

mesonet.unl.edu
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Observations:

| * Air temperature
vg « Humidity
* Wind speed, direction
9" (3m) and 30" (10m)
 Liquid precipitation
« Solar radiation
* Soil temperature
4" (10cm)
* Soll moisture
and temperature at 27, 47, 87,
20" and 407 (5, 10, 20, 50,
100cm)
« Barometric pressure

Rogers Farm (Lincoln)
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All Mesonet stations assimilated into WRF model.
v" WREF run every 3 hours out to 72 hours.
v 22.4mile x 22.4mile (22.4miles = 36km) grid resolution (horizontal).
v 49 terrain-following levels (vertical) up to 12.4miles (20km).
v" 3DVAR used to assimilate air temperature, wind, humidity, air pressure.
v' 197feet (60m) altitude closest to wind turbine height.

Methods



v Regional model overestimates wind speed by 3.4 mph (1.5m/s).

v Bias improves with Mesonet assimilation to 1.3 mph (0.6m/s) overestimate.

v' Best improvement with Mesonet assimilation seen in central,
eastern Nebraska.



v The greatest benefit to locally generated numerical wind speed
forecast with inclusion of Nebraska Mesonet data is at lower wind
speeds, well below name-plated generation potential.

v Focus on local “MOS” — model output statistics — to take current
NOAA generated numerical forecast and use near-historical
generation profiles on a per-tower basis to enhance forecasts



Wind Speed

Ainsworth Tower 20 Forecasted Wind
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Ainsworth Tower 20 Forecasted Wind and Power
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Printable Solar Cells
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Nebiaska Silicon Solar Cell

It is cheap, it is reliable and it is the standard

Why look any farther ???



Low cost High Efficiency: Inkjet printing for
Photovoltaic Windows

R N\"‘n . Howard L. Hawks Hall
e .~

“3;

Low welght
500 g/m?

Semi Transparent

Shadow Absorption Flexible Substrates



SR Covering the Solar Spectrum
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Nebiaska

il Photovoltaics from Organics

= QOrganics are in principle cheap,

~ flexible, bendable, and
amenable to a variety of high
throughput production methods

D s titchable OPV
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laskd,  Not just sol
olar cells, but displays too

Thugsbar, Sl 20, 2004

wpat Would
Daddy Think?

War BHeroine ﬁh Malfop it
Aynounte Engagement
. fMaliop

frer thep fivgt begast routhl Ale, y
it 1hEs Mot . Wiile Tirepite the Theil
i vensty fhe ELBIT L

WIL F-Three years &
D i, Sraney annowneed thei A gentey
otljers il pmjmua‘-lg prpcessed lﬁghnlitt at e wn pxpesield uaimgqb. m{‘wﬂi T s
flje ouple agprared (o fie as Deeple i0 lape ag uer as ey sunke il ‘;‘: a‘i‘g&, 'h“f;‘;m:“f:‘[‘::: ﬁ#;’;‘;““_
ing s enm's Likel® npLonting mugptials,
omtinur o8 pages 2.3

Motion Articles on Paper



Nebiaska, Organic Photovoltaics are emerging and

Lincoln

promising, with some problems...

Cell Efficiency (%)
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Red are the organic solar cells
J And these are not very stable



Nebraisl@ Problems with Organic Photovoltaics

* Organicsolar cells need to stable! They have to work for a long, long time and
survive in harsh conditions.

. solution: need additives to stabilize the organics

 They need to be made more efficient! Now efficiency is low (about 5%) or
high (23%) but in materials not very stable. (high efficiency materials are the
ones that degrade in sunlight)

. solution: need additives to stabilize the organics — these will be dipolar molecules,
and graded multilayers could improve efficiency a lot

 The organic solar cells need to be scalable! Can the materials be
manufactured cheaply on a large scale?

Solution: Deposition from solution



Organic Semiconductors and Conductors
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D. Shi, Peter A. Dowben, O. M. Bakr, et al, “Exceptionally low trap-state density and long carrier diffusion in room-temperature
grown MAPDBr; perovskite single-crystal wafers”, Science 347 (2015) 519-522



Nebraska “Modifiers”

We have over 50 different kinds of p-benzoquinone monoimine zwitterions
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Demonstration of Additives on PV Performance

transparent
top electrode

]

1 \ organics
additive
Organics

and semiconductor
compound

semiconductor
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organic solar cell combination: = e / . ut:
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ethylenedioxythiophene).
V/V

Dipolar molecules produce an intrinsic electric field that enhances the

. . . . . . UNIVERSITY JOF
electron-hole separation in the semiconductor. This is new science! NebIaSka
Lincoln




Rapid Prototyping of Materials Combinations

Rapid prototyping
with inkjet printer
technology
sing a modified
inkjet printer

Nebraska

Lincoln




Cheap and Flexible

design for "

CD/DVD Grayscale ink
tray of printing (10
printer samples)

—
——.

Simple Mass Production
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Nebiaska
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Where do Quantum Dot Solar Cells Rank?
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We are leaders

'e 3 NREL Our Best Devices

NATIONAL RENEWABLE ENERGY LABORATORY

Emerging PV
O Dye-sensitized cells
O Perovskite cells (not stabilized) & A
® Organic cells (various types)
A Organic tandem cells
@ |norganic cells (CZTSSe)
< Quantum dot cells

1

(%)

iciency

Eff

......




Nebiaska

Lincoln WE can tune the color by size or chemistry
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Nebis Inkjet Printing of Solar Cell Inks

llie et al. J. Phys.: Cond. Mat. doi.org/10.1088/1361-648X/aab986
(2018)



https://doi.org/10.1088/1361-648X/aab986

UNIVERSITY JOF

Nebiaska Applicability: “Printable” Solar Cells

Again, how to test all the possible
combinations to find the best
combinations for the most successful

*N

Rapid prototyping
with inkjet printer
technology

of NCs in using
solvent on printed NCs

substrates

Solar Cells

Inexpensive wet from printed NCs

lab solution-phase
synthesis of
CsPbX; NCs



Efficiency is not every thing:

If you cover more surface area and generate more
current at much lower cost, you win.

So a window you look through but is also a solar cell
could be a BIG winner, even if not very efficient.

- SAULE
TECHNOLOGIES
o @
Svica Borun
OPTICAL New Material

nanograde®

Heltl'aiek”

The future is light




Nebiaska

Lincoln Top universities and researchers in perovskite solar
cell research

Top 10 universities in methylammonium lead perovskite solar cell research, 2014 to
2017

I n h e N eW S I By expected output in top 10 per cent of most highly cited research for topic. World average = 1
I [
Northwestern

We are No. 2 in the Korea

world for novel .
. . =22 Cambridge
materials in
photovoltaic
research
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