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Energy Flows

Resources
Where do we get it?

Services
What do we do with it?

V' & 4

/

Efficiency
How well did we use it?

https://flowcharts.lInl.gov/commodities/energy 2



Where did all that energy go?
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Where did all that energy go?

o
HEAT
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Efficiency Example

s Vehicle Operation
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J. Yang and F. Stabler, J. of Electronic Materials (2009)



Thermoelectric Energy Conversion

Power generation & Heat pumping

n-type p-type

w

Advantages: Challenges:
Distributed generation System integration
Localized control of energy transfer Conversion efficiency
Reliable Operating temperatures

No moving parts
Silent



Thermoelectric Effect




Thermoelectric Effect
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Thermoelectric Figure of Merit
~ HotSide

n-type p-type

WA
Figure-of-merit: . .
5 Thermoelectric material:
So
T =——T Requires good charge transport

K while minimizing thermal energy

S = Seebeck coefficient carrier transport.

o = electrical conductivity High S,0 Low k

k = thermal conductivity




Thermoelectric Materials

Chalcogenide Skutterudite Clathrate
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Sootsman et al., Angew .Chem. (2009)
Miyazaki et al., Phys. Rev. B (2008)



Nanostructured Materials

Wires: Superlattices:

| —— Particles:
Hochbaum et al., Nature (2008) FE:&¢ =

Bottner et al., MRS Bul. (2006)
Harman et al., J. Elec. Matl. (2000)

Poudel et al., Science (2008)



Thermoelectrics Applications

Current Future
Space exploration: Industrial furnaces: Appliances:

GPHS-RTG

Aluminum Quter Active Cooling System
Shell Assembly (ACS) Manifold

Cooling Tubes
Heat Source
Support

— General Purpose \ pelief Device
IS Varagement Heat Source (GPHS)
Assembly

e [

3 poscH

Midspan Heat www.fuelsavessystems.com

Silicon-Germanium Source Support
(Si-Ge) Unicouple

WWW.nasa.gov Automotive exhaust:

RTG Mounting g
Flange Multi-Foil
Insulation

www.boschappliances.com
Electronics
cooling:

Body heat:
KAIST

BMW GROUP

www.micropelt.com

Vining, Nature Materials, 2009 /



Manufacturing Process

Traditional Manufacturing

O
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Thermoelectric Module
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S. LeBlanc, “Thermoelectric Generators: Linking Material Properties and Systems Engineering 13
for Waste Heat Recovery,” Sustainable Materials & Technologies (2014)



Potential Applications

Automotive Exhaust - Water Heater
W R . Tl

www.bosch.com

Gas Turbine

=

WWW.Usa.siemens.com www.glassfurnacemaker.com



System Figure-of-Merit

Hot fluid stream

n-type p-type

Cold fluid stream

<

Heat exchanger

Interface material
Insulator
Electrical shunt

S 2
ZT =—PL 7
KR
S = combined Seebeck coefficient

R = electrical resistance
K = thermal conductance
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System Integration & Adaptability

TE

Air flow elements
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Y. Thimont, S. LeBlanc, J. Applied Physics (2019)
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Manufacturing Challenges

Thermoelectric Module

Traditional Manufacturing

. 123 4
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Limited geometries
Significant material loss
Interface & integration
challenges

Lengthy processing time
Rudimentary assembly

S. LeBlanc, “Thermoelectric Generators: Linking Material Properties and Systems Engineering
for Waste Heat Recovery,” Sustainable Materials & Technologies (2014)
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Materials-to-Device Integration

Materials

* Engineer material composition

* Control material structure from
nano- to meso-scale

Manufacturing

* Enable new, tunable device geometry
beyond solid block-like “legs”

* Eliminate assembly steps

System integration

* Build thermoelectric materials and device into system-level
components (electrical shunts, substrates, heat exchangers)

* Engineer interfaces between materials and components

18



Re-envision Thermoelectric Module

Enable multifunctional materials:

“Sheets” of thermoelectric material with hierarchical structure and
engineered composition to enable integrated thermal management
and power generating panels.

darpa.mil



Strong, Lightweight, Customized Parts
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...with Small, Complex Features




Additive Manufacturing as a Tool

CONVENTIONAL MANUFACTURING

Ingot sintering,

TE Powder

metallization and dicing

Qw’ —»ﬂnﬁ-gg

Module

Planar Legs,
High Contact Resistance
Wasted —
Powder
Source
05
1‘1’&

“ N\
—r i

ADDITIVE MANUFACTURING

TE Powder
Stock Material

(Powder, Resin,
Filament, Ink)

C. Oztan, S. LeBlanc, Energies (2022)

Layer-by-Layer

-

Deposition

Custom Leg Geometries,
Reduced Contact Resistance

Minimum
Waste

E

Y
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Material Extrusion

@@ K

W

20 mm

Reduced Sintered 3D printed

e
Assembly,
Ehm

One pair ’,.0’ Bi/Sn solder

Cu electrode

o®

&’

Power-generating
(G) TE tube
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Vat Polymerization

/ Laser w ﬂ'

Liquid Resin

ID-TEG |

3[) Pﬂ’“"lzl—‘ > Painting =2 >  Assembling

Cured Layers ||« = /@m

Build Platform || . .""'"”’""""
A) B) ,

3DTEGITY

2

Monomer
o A Photoc;iarable
Protontater resin
@ S fillers UV-cured

composite resin
C) DLP-based 3D printer

3D printing
BST<5wt%

Formlabs Formi#SI.A
3D printer

Amorphous
carbon and
residual

photoresins
3D fabrication
Composite resins

D)

C. Oztan, S. LeBlanc, Energies (2022)



Powder Bed Fusion

A) | |

Roller ~ Energy Beam

1

Powder Platform

C. Oztan, S. LeBlanc, Energies (2022)
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Custom Shapes & Properties

lective laser melting):

Collaboration with Prof. Ji Ma
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Energy Systems Materials to Devices

Thermoelectrics

Wi

Bottner et al.,
MRS Bulletin,
2006

= BijTe,

Poudel et al.,
Science, 2008

Hochbaum et al.,
Nature, 2008

Solar cells Batteries

o

] ] 4 . : L \
\Sg@m | 1 4 ,‘w V‘ ala A
Zhu et al., Nano Letters, 2009

Chan et al., Nature
Nanotech., 2008

[ 1oku %1928 18U 88l 88981 ANR

Manea et al., Solar Energy

Matls. & Solar Cells, 2005 Xiao et al.,

Electrochimica Acta, 2009

Guo et al. Adv. Mater., 2008



How do we manage all that energy?

Net Electricity 0.05
Imports

12.7

Electricity
Generation

37

4.17 Rejected

4.9
Energy

Residential
11.9

67.5

Geothermal 4.62
0.209

Commercial
9.41

Natural Gas
321

Industrial

264 Energy
) Services

327

Biomass
‘

Petroleum
36.7

https://flowcharts.lInl.gov/commodities/energy 28



Example Community’s Energy Systems

Primary
School

Secondary
School

Retail
Stores

11

Hospital:
Inpatient
and
Dutpatient
Care

Park

Apartments

Midrise

Medium
Offices

Combined
Heat and
Power Plant
and EV
Charging
Station

Hotels
l_ Super-
markets l.all‘EE
Oifices
Quick and
Full-Service
Restaurants

= One City
Block (100,000
square feet)

I:I 1 Primary and 1 Secondary School
D 20 Midrise Apartments
- 10 Quick Service and 10 Full-Service Restaurants

I:I 7 Large, 5 Medium, and 4 Small Office Buildings

I:I 2 Supermarkets
I:I 2 Hatels

Dl Combined Heat and Power Plant, and 1 EV Charging Station

- 1 Hospital with Inpatient and Outpatient Care

I I 12 Retail Stores

¢ Climate Zone 4A
¢ Combined Heat and Power Plant
*  Hot and Chilled Water Thermal Storage

*  Battery Storage

*  Solar Photovoltaic Panels
*  Electric Vehicle Charging Station

29



Heating (kW/hr*sgft)

Energy Loads

Total DES Cooling Load Normalized by Total Building Square Footage

16
10 Full Service Restaurants 14
B ! Supermarkets -
s 12 Stand Alone Retail Stores | & 12
mm 1 Secondary School £
= 10 Quick Service Restaurants| £
mm 1 Pnimary School E g
1 Outpatient Care Facility o
20 Mid Rise Apartments =z &
= 2 Large Hotels 3 .
] Hospital
4 Small Offices 2
S Medium Offices
. ¥ Larpe fNfices 0 Jan Feb Mar  April May June July Aug Sept Oct  Mov  Dec
Months
Total DES Heating Load Normalized by Total Building Square Footage Total DES Electricty Load Normalized by Total Building Sguare Footage
35
30
E
T
L
£
E 20
Z 15
L
21w
-l
Sj_.l_l_l_“_l_lll_l
Jam  Feb Mar April May June July Aug Sept Oct  Nov  Dec 0 Jan  Feb  Mar April May June July Aug Sept Oct  Nov  Dec
Months Months 30

(normalized by building square footage)



Energy System Mix

Electrical Load

Thermal Load

g Power Output Max In/Out Capacity Heat Output Capacity Heat Output Heat Output Output Max Output Max Capacity
5 [kw] [kw] [kwh] [kw] [kwh] [kw] [kw] [gpm] [gpm] [gal]
& 5491 5000 24071 1538 19569 23503 0 26024 2246 1754995
w0 Area Min In/Out Critical Load Support Heat Load Percentile Critical Load Support % Peak Heat Area % Peak Cooling % CHP Peak Heat Critical Load Support|
:§ [mA2] [kw] [days] (%) [days] (%) [mA2] [%] (%] [days]
s 49139 0 0.50 75 0.50 125 0 125 100 0.50
g | Solar Grid Battery CHP Thermal Storage | Boiler Solar Heater | Towers & Chiller | Absorption Chiller Ice Storage
5
o f \T} ‘ {{\ —
g TOML (2
: . i il
o \Z ;
c
w
® E ®@ E = = =
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Energy Management System: Design

External Databases

Internal Database

-------------- ] ettt | (R e e e S B S S
Real-Time | ! Data Forecasting | ' Energy E
! I ! I -
I
Utility Starus [y | : i Allocation |
: —rb Electricity Price - S ——> ]
1 I 1 - I 1
Weather Projection : : : : :
: —L>- Gas Price — $oa —t=p 1
I
i i | :
: —i'b Solar Forecast : P —i—b ]
I - I i o I :
: : : : : : : : : : : : : : : : H... _:_’ Objective: 1 Dsl_spat;:h
. . I 1 ! I ] 1enals
Historical Data i | i : i Cost i
—|—> Electrical Load = mejeip- Peman -I"’ 1
Electrical Load -i— —rP : Somnd : Emissions :
I 1 ! I !
I =P  ThermalLoad ==l Hieman —r !
Thermal Load -:— —:—P : demand : Survivability :
] 1 ! I !
I I
: i =}  CoolingLoad —i-b ]
Cooling Load i Y : : 1
R —— R E : |
-------------------------------------------- n . I
I ]
T System Parameters P N ! Ty
i
1 H 1 L3
I . I_ ! i ] 3 Anomaly
Electrical Heating Load 1 e = ! Detection Al
Outputs Outputs Metenng | Feedback: i --=
4 4 i Parameter Status R
____________________________________________ = S ,
:l | | Forecasting Al
-

Optimization
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Baseline & Emergency Operation

EMS Baseline Operation Objective Function:
* Minimizes energy resource operational cost

* Heavy penalty ( ) on any load shed, both critical and non-critical load
Grid CHP Boilers Battery Thermal Storage
minz [C(IR(Pt(FRbJ PERs) + Z CHP (P;!tpr Hir‘!tpj Xio Vie Zix) + Z CBO (Hf,?, Upe) + Z €S (PBSe, pBsa) 4 Z CTS(HTSe, HIe
teT i€l keK e€E SES
+ Z CIS' (C‘;Tir’ C;id) + Z CCT (CgT, ta) + Z C'SC (J‘b) + C'!S(P'!S, Htis' CE!S) + CI.S‘C (Ptij‘c, HE!SC’CEISC)]
ceC a€EA bEB
Towers & Steam
Grid Chillers Chiller Load Shed Critical Load Shed

EMS Emergency Operation Objective Function:
* Minimizes energy resource operational cost

e Heavy penalty ( ) for critical load shed
¢ Mild penalty ( ) for not having stored energy
Grid CHP Boilers Battery Thermal Storage
min Z [CGR (PERP, pERS) 4+ Z CHP(PAP HI i e, yi002ie) + Z CBO(HZY uy,) + Z cB5 (B3, PE ) + Z C'S(HIge, HIy?
teT (el kek €€EE SES
+ z CIS(Cé',stc, Cé,std) + Z CET(CET,1,) + Z CSC(jy) + CESC(PtlSCJ thscj Ctlsc) + Z (CBSG (Eff)) + Z (CTSG (ESTE)) 4 Z (C.'Se (E‘ist))l
ceC a€eA bEB eeE SES ceC
Towers & Steam Electrical Thermal Cold Storage
Grid Chillers Chiller Critical Load Shed Storage Penalty Storage Penalty Penalty

33



Energy Management System: Operation

Power [MW]

Steam [MBTU/hr]

Synthetic Case 1 ~ Jan 1, 1 AM

Electrical
7.50{— Load —
—— Critical Load l/' =~
5 00 | === Predicted Load /---"‘*_—"‘"_"“"-——-—’ “""--..s
——- Predicted Critical Load I ==
2504 CI-!P Power
mm Grid | ————————
00 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10 9 8 -7 6 5 4 3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Heating
—— load
25.599_ (ritical Load
17.06 === Predicted Load
““% 1 ~=- Predicted Critical Load
I CHP Heat
8.53 1 .
Boiler
00
-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10 9 8 7 6 5 4 3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Cooling
& 0.84 {— Load
g —— Critical Load
|§ —=- Predicted Load
':' 0.424=-" Predicted C.ntlcal Load
@ Tower & Chiller - - ——
— = - T m—— ~ _
[1s] "'-...----..,,__.---.._,.v" - it
[ — e — ——
= D e

oo+ " " T T T T T T
-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10 9 8 -7 6 5 4 3 -2 -1 0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

Time [Hours]
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Scenarios Evaluated by Costs

Energy Costs
[$/kWh]

Operational Cost

[$/year]

1,006,820

992,942

967,034

938,866

773,031

772,289

769,023

670,561

0.0712 RETFIAN 927,773 | 658344
0.0770 815,563 742,066
0.0770 815,563 | 742,066
0.0712 927,773 | 658344

0.0810

0.0760

1,033,177

885,153

773,419

622,238

0.0732

6,685,617

950,164

920,750

874,659

769,114

691,254

627,589

Name | Grid Buy Grid Sell Techologies
i Yes No Base: CHP, Boiler, and Chiller
i Yes Yes Base: CHP, Boiler, and Chiller
i Yes No Base + Battery
iv Yes No Base + Hot + Ice L
v Yes No Base + Battery + Hot + Ice
vi Yes No Base + Solar
vii Yes No Base + Solar + Battery
viii Yes No Base + Solar + Battery + Hot + Ice
ix Yes No Base + Absorption
X Yes No Base + Solar + Battery + Hot + Ice + Absorption
xi Yes Yes Base + Battery
xii Yes Yes Base + Hot + Ice (i)
xiii Yes Yes Base + Battery + Hot + Ice
- Var Ve Baco  Color
v Yes Yes Base + Solar + Battery
Xvi Yes Yes Base + Solar + Battery + Hot + Ice
xvii Yes Yes Base + Absorption
il Yes Yes Base + Solar + Battery + Hot + Ice + Absorption | ©1056
e“bl

0.0799

7,106,630

799 138 744 394
921,375 742 562
874,65% 627,589

1,084,474

768,762

627,246

8,187,864

Capital Cost Payback ROI
[s] [year] [%]
[ 0 0 0 o 0 0.00 0.00
[ 0 0 0 0 0 0.00 0.00
[ 0 0 0 BRI | 32065 1.09
o 966 390,328 0
o 26,981,656 966 390,328 [ 27,372,950
5,338,792 0 o [
5,338,792 LELINELY 1] (1] 0 ] 47.35 -0.37
CEECRIVY 26,981,656 [T 390,328 o -0.98
[ 0 0 4,643,355 -0.98
EEELREYY 26,981,656 390,328 | 4,643,355 -0.36
[ 0 0 0 RN | 34352 1.09
o 966 390,328 [} 5.40
[ 966 390,328 [ 27,372,950 34.51
5 338 792 ] 0 0 5 33R 792 71 RS
5,338,792 0 0 o 48.46 -0.38
5,338,792 966 390,328 ] 41.24 -0.27
[ 0 0 4,643,355 218.38 0.86
5.338.792 EIEDNEN 966 390,328 | 4,643,355 a7.21 0.36
T T T T
o\"‘ & o‘qﬂo o‘b& 6°°
¥ & & vpgo
20 I

35



Energy Analysis for Future Navy Ships

Air F-76 Methanol Ammonia Hydrogen E[? r=I1
2 oD oD oD oD S 2
379 € Q
q
S 8 =
®
Chillers Fuel Cell
Sz
i g
O m
=5
Battery Storage 3 @
S a
A= 0 <
= «Q
@ Carbon Capture <
m
=l =
o o
QO 9=
@D s




External Ship Port

Ship Energy Analysis Tool

Predictive Control Framework

Real-Time Data

Refueling
Proximity

Fleet Status

Weather
Projection

Internal Ship Database

Historical Data

Weather Data

Electrical
Load

Thermal Load

Cooling Load

Data
Forecasting

Resource
Forecast

Load

Thermal
Load

i
i
i
i
i
i
i
i
i
i
1
i
i
i
:
: Electrical
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Cooling
Load

moTmemmEmmm————

Energy
Allocation

Objectives:

Operational
Cost

Fuel
Emissions

Mission

I
1
I
I
I
I
1
1
1
: Success
1
1
1
1
1
1
1
1
1
1

Electrical
Outputs

Heating
Outputs

Ship Status

Metering

Dispatch
Targets

Data
Feedback:
Equipment &
Ship Status

Air F-76
5} q‘gf-)
T 1

2
T

Ammonia ‘? g
[}

o 52 g3

! T E=

Hydrogen

Cogeneration

%. 5" "

Fuel Cell

ABojouyoa)
ABisug

Carbon Capture

peol
ABiaugz

Analysis
Module

Run a variety of scenarios

through the framework

Change Energy Resources and Technologies

e

AR | ([ 1
;

& o

Performance
Metrics




Example Ship Energy System Model

A 76 Methanol  Ammonia  Hydrogen

building a base model

D)

5 ——

% F-76
(a2

Diesel
Generator

P Resistive
§D Heater
E

5 °
= Chiller
M)

<

o

g b



Energy System Analysis Tool Sample Output

Power Need (MW)

* Fuel Efficiency * Fuel Efficiency & CO, Emissions
Average Generator and Propeller Efficiency: 34.39 % Average Generator and Propeller Efficiency: 34.39 %
10

1 Total Propulsion Emissions: 2,229 metric tonnes of CO;
5
S

5 Diesel Generator 1 [l

Power (MW)

5 Diesel Generator 1 [l

Diesel Generator 2 [ Electrical Demand ==« Diesel Generator 2 [ Electrical Demand == =
-10 -10 T
30
1
15
201
10 g 154
E 10+
d 2
g 5
T
o) &
E : . Split Shaft Mode [  Speed Demand == =
Gas Turbine 2 . Propulsion Demand se= « 10
Full Power Mode [
}lkelchor Transit 1 Maneuver 1 Transit 2 Transit 3 Transit 2 Maneuver 1 Transit 1 Anchor -}\ichur Transit 1

Maneuver 1 Transit 2 Transit 3 Transit 2 Maneuver 1 Transit 1 Anchor



Example Ship Energy System Model

adding storage, alternative fuels, fuel cell, = = * =+
carbon capture, and heat recovery. ik

i

Y
g -
Q
o
%
D
G Fuel Cell
35 Resistive
= /""" Heater
o]
£ Battery
= _——
= Chiller || *720PHon
o Chiller

—

Cold Tank
3
o




physical constraints

Technology Resource

Load

Diesel
Generator

CC

Fuel Cell

CC

Resistive
Heater

Chiller

Absorption
Chiller

Example Ship Energy System Model

Fuel Tank Capacity

Output Limits
Resource Consumption
Ramp Rates

——

Charging and Discharging Limits,
Charging and Discharging Efficiency
State of Charge Degradation

‘ Meet Mission Demand



Example Ship Energy System Model

physical constraints & system objective

Resource

Technology




Resource

Technology

Load

Example Ship Energy System Model

adding storage




Example Output for Energy Storage

Power Need (MW)

Energy Balance: All Operating Modes
Storage Technology: 0 MWh Flywheel ~ 0 MWh Battery
Average Generator and Propeller Efficiency: 34.39 %

Energy Balance: All Operating Modes
Storage Technology: 10 MWh Flywheel ~ 10 MWh Battery
Average Generator and Propeller Efficiency: 36.94 %

Power (MW)

0 Increase in average fuel efficiency for this “mission” 0
5 34% . . 37%
by keeping turbines and generators at rated power
10 10
5 ‘%’ 5
B w \ 4
[
0 0 ~  —
5 Diesel Generator 1 [l Battery [ N e
i i attery Capacity.
Dlesel Generator 2 ! EIeCtrlcaI De mand —— 79%, 999, 62% 20% 31% 38% 4% 51% 58% 60% 62% 68% 75% 829, 349, 47%,
-10 -10
15 151
10 104
:
o
5 % 51
0 & 0+
Gas Turbine 1 Flywheel }
5 . . . yw D 51 Flywheel Capacity
Gas Turbine 2 . Propulsion Demand se= «
60% 60% 60% 49% 72% 86% 100% 100% 100% 59% 20% 20% 20% 250 30% 45%
jl\ll]'l\ihm" ! Trar[sitl " Mane;.werl " TranlsitZ ! Tran'sxts ! Trax{sitZ Mane;werl " Tranvsitl ! Anc‘hor i%chor ' Tranlsitl " Mane;.werl " Trar;sitz Tranlsitﬂ " Trar;sitz " Mane{werl " Tranvsitl " Anéhor



LeBlanc Lab: Materials to Systems

We create energy solutions using advanced materials
and manufacturing techniques.

Techno-
Economic
Analysis

Providing
Energy Solutions

Manufacturing
& Novel Materials

Devices & Systems




It takes a village...

Research Team:

Funding:

N VYS#

DE-NAO0O03858

e __/%3
l"“--._‘_‘_‘_-—._'_'_—-"'
Cnce & Teclmﬂ\o'

N00014-20-1-2365
N00014-23-1-2727

CMMI-1943104

%0, U.S. DEPARTMENT OF Energy Efficiency &

ENERGY Renewable Energy

DE-EEO009097
DE-EEO0009100
DE-EE00009140

Industry Partners

sleblanc@gwu.edu www.leblanclab.com
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