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Renewable Energy Consumption by Source

US DOE - EIA Annual Energy Survey 2006 @
8.0
7.0
7.0 More Waste Heat
available from US
6.0 € Industry than all
2 50 renewable P(?ergy
dé sources combined!
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*One Quadrillion Bty is equal 2o one US football field 3 S miles high of ¢

1) 24 7 Quads of erergy s used by industry - of this 20-50 percent s o5t in the form of Waste Heat (US DOE

Z2)Convenrtional hydroelectric power

3)Fuel ethano! and biodiese! consumption, plus losses and co-products from the groduction of fuel ethanol and biodiese!
d)Municipd solid waste from bogenic sources, landfill gas, sludge waste, agricultury byproducts, and other biomass Through 2000,
sisoincludes non renewable waste (mungipdl solid waste from non-biogenic sources, and tire-cerived fuels)
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O R C System

|. Turbine Efficiency

>/ =10MW

1~5MW

200 ~ 500 KW

10 ~ 100KW

Economics :

ORCs have higher in economics than steam to cases: <538 C

and <1 MW.
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70~ 80%

50~ 70%

30~ 50%

25~ 50%

75~ 80%

75~ 80%

78~ 80%

65~ 75%
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O R C System Grrwo)

Thermodynamic Saturation Diagram

T(F)

\ = propane

15 20 25
s (btu/(Ibm R))
Fig. 1 (Cycles)
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Energy Recovery and Storage
Technology Expertise Girn)
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Systems Analysis

Component & Assembly Design and Manufacturing
Installation and Testing

Single Component Organic Rankine Cycles

= Bottoming cycles
= Qcean Thermal Energy Conversion (OTEC)
= Geothermal

Multi-Component Working Fluid Organic Rankine Cycles

= Kalina Cycle (ammonia-water)
= Multi-refrigerant

Supercritical CO2 Cycles
Hybrid Brayton Cycles

= Turbo-compressor (turbocharger)
= Turbo-compound (power or electricity)

Open Cycle Vapor Recompression
Pressurized Air Storage Systems

Cryogenic Liquid/Gas Storage Systems
Pumped Liquid Storage Systems
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Basic Organic Rankine Cycle Flow Diagram ¢G>

Basic Organic Rankine Cycle uses
heat energy from any number of
energy sources including waste
heat, solar energy, geothermal, or
even ocean water gradient
temperature to generate useful

l power.

Super Heater

The turbine can be single or
multistage, radial, or axial
machines.

fluid

Organic

A cooling stream of ambient air or
cooling water is needed to remove
heat from the condenser. That
energy could also be useful for low
Condenser grade heating
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Some Examples of ORC Bottoming Cycles for
Geothermal to Transportation Vehicles Grro)

BOTTOMING CYCLE SYSTEM

FOR ENERGY SAVINGS
LONG HAUL
DI TRUCKS
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Waste Heat Recovery from Engine Exhaust

ORC Expander-Generator Regenerator
M, ORC flow=  0.73 Lbmysec 5
h1 (biwbm)= 307.24 P2= 47 psia 31 F
st(btw/Lbm/R)= 0.543 Expander Thermal Eff=| 085
P1 (psia)= 350 ‘; Mech. Power Avail.= 18 KWm Sxpander Mech. Eff=| 096 P4 ligq., psia T,cond (F)
TI(F)= 569 Generator Eff.=[__0.96 | i3 hES
Gen. Power Output, kWe=  16.9 h2s= 27930 Bl - Condenser
Exh. Gas Flow, Lbm/hr= 1,925 h2= 283.49 BtL /1
Heat Recovery, kWt= 119 P7. (psia) T7,vgin (F) T’= 476 F T T.cooling air =
360 o 229 80
EGR outlet Temp.(F)
240 1 1054 =EGR Inlet Temp.(F) Reg. Vahe

Navistar G13 Waste__'[" |

Heat Recovery - f o Nl - +

System

Exhaust Gas Recirculation 111 T$,subcool, F
MAXXFORCE Working Fluid Feed Pump
13 Diesel Engine 4723hp:@rpm= 1846 Power, kW= 0.75
WHR Cycle Overall Eff.= 13.5%
2010 engine|2012 engine
Power Improvements= 4.8% | 5.8% wih only EGR COOLER HEAT RECOVERY as shown
Power Improvements= 8.9% | 10.7% EGR Q+[_100% |of Balance Exhaust Gas Heat Recovery (not ilustrated)
(DUAL Pres. ORC) Power Improvements= 5.3% | 6.4% with EGR Qpius HP CAC HEAT RECOVERY (not ilusirated)

Power Improvements= 9.4% | 11.3% with EGR Qplus HP CAC plus % EXH. GAS HEAT RECOVERY

© 2011 Concepts ETI, Inc. All rights reserved.
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ORC Diesel Engine Heat Recovery of the Engine
Exhaust Heat System for Long Haul Trucks Can

Improve Vehicle Fuel Eff. by 10-157%

BOTTOMING CYCLE SYSTEM
FOR ENERGY SAVINGS

ON LONG HAUL

DIESEL TRUCKS

©2011 Concepts ETI, Inc. All rights reserved. CONCEPTS NREC i




30 kW ORC Turbine and Gearbox Assembly
for Diesel Engine Heat Recovery G0

6 4 rcmniacer
\ 5 SR
N < T

5 WATER COOLED CONDENSER

6 REGENERATOR
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14 MW ORC System for Nippon Steel (1980°s)
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2.5 MW ORC Turbine Generator Unit for
Solar Power Plant Gr=o)
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ORC T.G.U. Assembly Mfg.d by Concepts NREC (CN) Turbine
Integrated with the 20,000 rpm Permanent Magnet Generator — Gr=2)

The integrated turbine-
generator does not use shaft

seals or speed reducer and
thus is compact, efficient, and
reliable.
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Advanced Geothermal ORC System Cycle Uses
Geothermal Energy at 325 F to Produce Power — Gr=2

R236fa HIGHER PRESSURE CASE (JULY.2010)

[ o ]

Brinz Temp., raturn= 121 Dp, Flash lines GEOTEC POWER-GEN.,
Pres. Diff = 1502 P2=| 615 |psia T4.F= EXPANDER ONTHE SURFACE
Brine .gpm: Turbine Thermal Eff= 0.5 54 bt LbmR= X GanEff=| 0.94
Turbine Mech. Eff 4 0.98 quality, x43 >1 1.651365 Gen. PowerOut= 1135 EkWe
h2s= 196.16 BtuLbtm P4 psia= 368 Cycle Overall Eff= 11.53%
GEOTEC "DEEP-HOLE" EXPANDHR-PUMP h2= 196.23 BtuLbm h4 btulbms 196.2
2= 313 F M4, r236fa (Lbm/sec )=p01.2 “
Avail. Power= 136 kWm "Gravity Valve" Lbmolethg 2397
0.85 Pump Eff Req.d Powar= 195 kWm (i.e. Pres. Loss due
@ 357 |F I~ . = toRiser
HOTPINCHDT 2 F T~ 2= 61 |psia
COLDPINCHDTF 24 F h3= 196.23 Expander Therthal EFf 4 0.9
Brine HeatEnergyin= 9845 kWt Pl(psia=[___ soq] Qualityx3= 1.65 Expander Medh. Eff=|  0.95
Brine Heat Energv,in= 9845 kWt Ti1(F= 337 h2s= 1830 BtuLltm
r236fa (Lbm/sec.)= 101.2 2397 Lbmole/hr T3= 236 F 2= 1843 BtuLbm
hl (btwlbm)=  197.53 H3 liq. 155 BtuwLbm 2= 183 F
sl(btvLtmR)= 0.408 Flash Valva into Mech. Power= 1207 kWm
Supereritical State Condenser 1619 hp
0.00Lbm/ssc  Quality} =0.82 DeltaH= 11.9
184 h mix ;
P35 lig (psia).= 59 101.2Lbm/g=c.

UA, condenser= 9.72E-05 BtuF
Condenser ¢ i 60 IF

| 1.44E+06 Lbm'hr, coolant
DP, cond

-,
3 F, Svbeool

97 T7.F "Gravity Pump" (i.e. Pressurization from Liquid Column Height in Deep Well)
105.3 h3 btuLlbm

CONCEPTS NREC
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OTEC Thermodynamic Cycle Usi
Ocean Thermal Gradient to

ng the Small (less than 30 F)
Generate Useful Power

PROFPYLENE SEA SOLAR POWER OTEC SYSTEM (SSP BASE CASE CYCLE ¥#2) for 4 MWe Sysiem Estimate

09  Turbine themnal off
, 098  Tumbine mechanical off.
inket vel, /= 100 40659 KWshalt
1400 pm & 1800  pm 0.97  Gearbox eff.

39439 kWm

09647 Floc. Gen Fff
Warm Sea Water Supply Pin(psia) 1552 | 38047 kWe
782 F T.n(F) 72 | 1800 1pm
' hn (wibm) 2565
Mass Flow Rate, | bmhr s,in (pvlbmR) 0561 Cold Sea Water
2 03E+08 Propylene Flow 2,221,286 |bmhr I S e 28 F
GPM= 395704.9 acimin= 26305 P oul{psia) Z Sad? Supply
Pump eff= 088 achinout= 37387  Tout(P) 48 e Mass Flow= 1.19E-+08 Lbm/hr
Head= 5 ft hout pwibm) 2502 71 Vel outfti, GPM= 231055
Pump Power— 435 | KWm sout pibmR)  0.257 il Punpeff= 088
Turbne Drive Power= 494  kWm Quality= 0.99 1 Head= 8 1t
Pcondenser mpsia. 1095 | 3 Pump Power= 406 kWm
Tcondenser out, F 48| t Turbme Dive Power= 462 kWm
4
Heat Transfer= 3 58F+08 btwhr Net Power= 36024 kWe ) Uacond = 9 98F+07
UA boider= 59,839,684 Net Cycle Eff=  34% 4
Camot Cycle Effi=  62% q
Second Law Eff=  56.0% ; :
Tcondenser out, F 48 :
1557 P, outt psia Pcondenser out, psia é i
Waimn Sea Waler Retum 48 T, 0ut F | ‘Cold Sea Waler
764 |F oo 956 h, boiler m {(blw/Lbm/F) el | 457 F
Retum

Feed Pump Power—
Pump Eff=
Molor Eff =
Elec. Motor Power—

©2011 Concepts ETI, Inc. All rights reserved.

192164 kWm
0.88
0.95
2023 kWe
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Kalina Cycle Flow Diagram

Kalina Cycle uses a
mixture of ammonia and
water through the vapor
generator to improve the
recovery of heat energy
and uses an ammonia
turbine to provide the
power recovery at a
higher efficiency.

© 2011 Concepts ETI, Inc. All rights reserved.



500 kW Ammonia Based OTEC Turbine

1120

©2011 Concepts ETI, Inc. All rights reserved.

1685
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600 kWe Turbine Generator Unit using
Ammonia-Water Working Fluid in a Kalina Cycle Girro)
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Supercritical - CO2Cycle Greo)

| - W A Supercritical -
Primary Propulsion Engine Water cojfn,t/— TEG #3
Exhaust Gas Temp.s (F) & Flow (Lbm/s) 115 621 " 300 F

CO2 Cycle

797 4701 /
30% A Primary Turbine  Gen. Set GT Exh.

TEG #2 plus 5-CO2 Super heater ﬂ—‘ 1120 F 0] pe rates abOVe
Compressor o L
L il —-|: the critical

\I Fg2 H 5274
A" Smallest Pipe ("Fg2") Dia.= 4 ’ 56 me/;ehea““rbine pressu re and
5-CO2 Fg2 % . D

_ Cooler {, REGEN. |o——tfe 1 temperature for

Fal us i F £ Elesuhosses i D

Vg " ........ j Largest Pipe ("DD") Dia. (inch)= 8 the ﬂU|d (1000 pS|a

95 F; Water Coolant i E Fg3

ol R = and 500 F) to

SIMPLE S-CO2 CYCLE (ONLY 1 Compressor and 1 Regen.) WITH PARALLEL FLOW ENERGY RECOVERY (49-34-DP)

produce power
Simple §-CO, Cycle

(Case Study: 49-34-DP) with CO2 . This
% e cycle is attractive
?5_;333 for very high
: %EE temperature
@ 0

0.300 0.350 0.400 0.450 0.500 0.550 0.600 appl icatlonS’
A B c D E F S BWF/;:’m/R Fg2 Fg3 Fhi G H typ I Cal Iy ab Ove

o 3750 =2 =72 1500 1500 1500 1500 3750 3750 3750 3750 3750
T[ 585 | s02 [596.0 | 510 s10 315 135 254 350.5 502 389 380 1500 F
w[ 3123 2056 3213 304.3 304.3 2493 175.7 103.8 2450 3854 | 2488 | 2489
s| 0537 0540  0.565 0.569 0.568 0.505 0.385 0.3%0 0.458 0.5i1 0388 | 0.468
o 031 028 029 0.28 0.28 6.30 0.1 0.48 0.36 5.32 .36 0.36
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Supercritical CO2 Turbine —Compressor Module

Ovemung Mwmfg of process fluidio

- lossiniet

Bearngs pronce ¢asy #a ndhigh

Ivadcaparity |
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U.S. Sandia National Laboratory Maintains a
S-CO2 Research Lab Facility Girro)

High Temp
PCHE Recuperator
22 MW

Electrical immersion Heaters
130 kW sach. ASME
310 K/ 1000 F @ 2600 psia

Turbo-Alternator-Compressor
Re-Compressor, 122 kWe

Turbo-Alternator-Compressor

MotoriAlternator Controller Main Compressor, 124 kWe

© 2011 Concepts ETI, Inc. All rights reserved. CONCEPTS NREC T




Ocean Wave Energy Recovery Using an
Oscillating Water Column (OWC) System  Gr==

An OWC water wave
energy system has

- the highest wave to
= Y power conversion
efficiency potential

©2011 Concepts ETI, Inc. All rights reserved. CONCEPTS NREC T




Conclusion Girro)

*

1. ORC is the most reliable technology for waste heat recovery for power

e Matured for 50 years

2. Choice of ORC fluids
e Analysis of thermodynamics cycle system studies
- Heat source temperature,
- Flow rate
- Kind of working fluid
- System size

3. Cost Analysis
- Cost of working fluid
- System building cost

4. Future studies
- Development of new ORC working fluids

© 2011 Concepts ETI, Inc. All rights reserved.



