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Clean watts are the easy part
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Reduced energy Intensity has had 30x the impact of renewable growth
(United States, 1965-2018p, not weather-normalized, EIA data)
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Index of U.S. Primary Energy
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Heresy Happens

US primary energy intensity, 1975-2017

Reinventing Fire, 2011
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How low can we go in the energy limbo®

“...85% of energy demand could be practically avoided using current knowledge and available technologies”

Cullen J Allwood J (2010) Theoretical efficiency limits in energy conversion devices, Energy 35(5):2059-2069, doi:10.1016/j.energy.2010.01.024
Cullen J Allwood J Borgstein E (2011) Reducing Energy Demand: What Are the Practical Limits? Envtl Sci Tech 45(4):1171-1718, doi:10.1021/es102641n
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Geological reserves are a small part of resources
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A major sc?ientific paper on integrative design
https://doi.org/10.1088/1748-9326/aad965
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Edwin H. Land (1909-91)
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The Nine Dots Problem
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The Nine Dots Problem




The Nine Dots Problem




origami solution




geographer’s
solution




mechanical
engineer’s
solution




statistician’s
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“wide line”
solution




Lovins House, Old Snowmass, Colorado (1983)



US office buildings: 2-5x best-efficiency gains in 5 years
(site energy intensities in KWh/mz2-y; US office median ~293)
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.21 (-93%)
~277=173 (-38%) ...=108 (-63%) ...and in Germany,
2010 retrofit 2010-11 new 2013 new
284=85 (-70%) .51 (-83%) (office, gallery, apt.)

2013 retrofit 2015 new
Yet all the technologies in the 2015 example existed well before 2005!
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INntegrative Design in
Retrofitting the Empire
State Building




Empire State Building retrofit sequence

$4.4M
Annual Savings

Windows Radiative DDC VAV Lighting Avoided Chiller
Barrier Controls AHUs & Plugs  Plant Retrofit




bx-more-efficient new Indian commercial bulldings

Infosys’s 1.5 million m2 of 22k-m2 office blocks (2009-14) in six cities:
Energy Performance Index fell 80%, to 66 kWh/m2-y
with capital cost 10% to 20% lower than usual, and comfort better

Courtesy of Peter Rumsey PE FASHRAE (Senior Advisor, RMI) and Rohan Parikh (then at Infosys, Bangalore, now at McBERL)



Eat the lobster!

Homarus americanus
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Why systems”?




The Right Steps
in the Right Order



The right steps in the right order: lighting

. Improve visual quality of task

. Improve geometry of space, cavity reflectance

. Improve lighting quality (cut veiling reflections and discomfort glare)
. Optimize lighting quantity

. Harvest/distribute natural light

. Optimize luminaires

~N O O B~ W0 DD =

. Controls, maintenance, training



The right steps In the right ord
0. Cool the people, not the building N
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Sequence of integrative building design

e Define the end-use (why cool a building if it can’t feel hot?)

e (Optimize the building as a system: costly windows reduce total construction cost
= Efficiency shrinks or eliminates HVAC; saved capital cost buys the efficiency

e Start saving downstream, at the point of use, shrinking capital cost upstream

e Do the right steps, in the right order, at the right time

And get rewarded for excelling in these achievements, via Integrated Project Delivery

and Performance-Based Design Fees!



Oak Brook Tower retrofit design (1992)

19,000 m2, 20-year-old curtainwall office near Chicago (hot & humid summer, very
cold winter); dark-glass window units’ edge-seals were failing, as happens each ~20 vy

e Replace not with similar but with superwindows
 Letin nearly 6x more light, 0.9x as much unwant-
ed heat, reduced heat loss and noise by 3-4x,
cost $8.4 more per m?2 of glass
 Add deep daylighting, plus very efficient lights (3
W/m2) and office equipment (2 W/m?2)

 Replace old cooling system with one 4x small-
er, 3.8x more efficient, $0.2 million cheaper

e Capital savings more than repay all extra costs

/5% energy savings, cheaper than usual reno-

| vation: nominal simple payback ~ -5 months

.« Deep-retrofit portfolio tools:

www.retrofitdepot.org

Oak Brook Regency Tower West, 1415 W. 22nd St., Oak Brook, lllinois, http://www.rejournals.com/wp-content/uploads/2013/07/OBRTExterior1.jpg



http://www.rejournals.com/wp-content/uploads/2013/07/OBRTExterior1.jpg
http://www.retrofitdepot.org

Start with tractive load, not powertrain

Energy content in fuel (~2010 Avcar)

0% 20% 40% 60% 80% 100%
moving the
dnver
idle loss / ;
achveload
driveline loss accelerating the
accessory Ioss vehicle

aerodynamic  rolling
drag resistance

* 6% accelerates the car, ~0.3-0.5% moves the driver

* Most fuel use is caused by mass

- Each unit of energy saved at the wheels saves ~5 (formerly ~6-7) units of fuel in the tank



Reinventing the wheels

Hypercar Revolution midsize <_:oncept SUV (2000) Toyota 1/X carbon-fiber concept PHEV sedan (2007)
3.6 L/100 km on-road (gasoline) or 2.1¢quiv (H2)

carbon-fiber structure, <2-y retail payback

Prius size, 1/2 fuel use (1.8 L/100 km), 1/3 weight

BMW i3 4-seat electric, carbon-fiber passenger cell
2013- mass-production, >150k sold for ~$41-45k
1.7 L/100 km, MY2019 247-km range (=370 w/REX)

Bright IDEA 1-T 5-m3 aluminum fleet van (2009)
~2.4 Lequiv/100 km PHEV, 3-12x-eff., needs no subsidy




2013 BMW 3, http://www.superstreetonline.com/features/news/epcp-1303-bmw-i3-co BMW MY2013’s ~120—-150-kg carbon-fiber-composite passenger cell; m:1,250 kg

BMW'’s sporty, 1250- kg 4x- efﬂmency I3 was proﬂtable from the first unit, because it:

pays for the carbon fiber by needing fewer batteries (which recharge faster)

saves ~2.5-3.5 kg total for each kg of direct mass saved (Detroit says <1.3-1.5)
needs two-thirds less capital, ~70% less water, ~50% less energy, space, time
requires no conventional body shop or paint shop

provides clean, quiet, superior working conditions

delivers 1.9 Lequiv/100 km (124 mpge) on US 5-cycle test, 1.7 Ger., ~1.6 old US cycle
provides exceptional visibility, agility, traction, and crash safety
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http://sglcarbon.com
http://sglcarbon.com
http://sglcarbon.com
http://sglcarbon.com
http://sglcarbon.com

Decompounding mass and complexity also decompounds cost
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Less power

. mass & dr ag

_ MRS - | ___n-:c-:icd Smaller driv etr ain

. New technology
' Better packagin
. more crush space

Only ~40-50 kg C, 20—45 kW,, no paint?,
radically simplified, little assembly, ...

Exotic materials, low-volume special
propulsion components, innovative design

New design strategy, materials, and technologies



Hypercar®




The secret sauce: organizing designers differently

David Cramer:
A Information/Control and
Technology Partnerships

Neil Simpson: £ a4
Vehicle Design [0 525

UEHIIES'  1im Moore:
Advanced Technology and
Customer Requirements

TWR Group: | b
Specialists
Fab. Shops

TWR
- m
TP
| ' _

“If we are to achieve results never before accomplished,
we must employ methods never before attempted.”
— Sir Francis Bacon




Design to win the future, not perpetuate the past

Present design space New design space

/\ (\ Define the end point

Development targets
Risk management
Market introduction

Economic insight

B Customer relationships

Technology introduction

Integration payoff areas

First production Foundation

variant Platform

Design “in the future”



RMI’s latest >$40b worth of integrative design in
diverse Industrial projects —retrofits and newbuilds
(solid = built, shaded = incomplete data, circle = not yet built)
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Designing to save ~80-90% of pipe and duct friction—
equivalent to about half the world’s coal-tired electricity

thin, long, crooked fat, short, straight
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Typical paybacks <1 vy retrofit, <0 new-build
But not yet in any official study, industry forecast, or climate model



Designing to save ~80-90% of pipe and duct friction—
by making them fat, short, and straight

Big pipes, small pumps

Nonorthogonal layout, 3D diagonals, few & sweet bends



New design mentality, an example

No new technologies, just two design changes:

1. big pipes, small pumps

Z. Lay out the pipes Tirst,

then the equipment




No new technologies, just two design changes

nort, straignt pipes — nottnin.

Benefits counted “Bonus” benefit also captured
*7-12x less pumping * 70 kW lower heat loss from pipes

Additional benefits not counted

* Less space, weight, and noise

 Clean layout for easy maintenance access

* Needs little maintenance, yet better uptime and longer life
* More flexibility for later debottlenecking




100% 100%

99% 1% 99%



Images courtesy of
Peter Rumsey, PE,
FASHRAE,

Senior Fellow, RMI



Which of these layouts uses less capital and energy?

CFleitlecd 33 crrery F'larssr:
T radiziorsnral Desisr

e | ess space, weight, friction, energy

e Fewer parts, smaller pumps and motors, less
installation labor

e | ess O&M, higher uptime



s () -9% -12% 55 20

Power Plant Power Grid Motor/Drivetrain Pump/Throttle Pipe

10%

Delivered flo ol
S0



s () -9% -12% 55 -20%

Power Plant Power Grid Motor/Drivetrain Pump/Throttle Pipe

5%

Delivered flow



the same flow
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Start with what’s theoretically possible
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CDU4 Pumps' Electric Power: Where does the energy go?

Control Valves

Line Loss

(Normal Operation)

Radical hydraulic optimization

opportunities - cut annual energy
use in half (the theoretical minimum)

Heat Exchangers Fired Heaters Static Head

Stretching the
Mind

Generalized Energy
System

Hedonic
Efficiency

Dest. - Source dP

End-Use Resource
Efficiency Chain

Optimize
Supply




Theoretical
Minimum

Energy Used By Pumps

Physical Minimum Process Safety

Minimum

Stretching the
Mind

Generalized Energy

System

Hedonic
Efficiency

End-Use
Efficiency

Operational
Minimum

Resource
Chain

Optimal Design

Current Design

Start with where you want to be —what’s theoretically possible”

Whole
System

Up-cycle
Waste

Optimize
Supply




Then question everything you give up during the design...

Stretching the
Mind

Generalized Energy
System

Hedonic
Efficiency

End-Use
Efficiency

Move tank to
eliminate 4 90Ls?

Resource
Chain

Optimize
Supply




A draft physical minimum

) i
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Stretching the Generalized Energy Hedonic End-Use Resource Whole Optimize —-
Mind System Efficiency Efficiency Chain System Supply




Theoretical
Minimum

A draft physical minimum

Energy Used By Pumps

Physical Minimum Process Safety

Minimum

Stretching the
Mind

Generalized Energy
System

Hedonic
Efficiency

End-Use
Efficiency

Operational
Minimum

Resource
Chain

Optimal Design

Current Design

Whole
System

Up-cycle
Waste

Optimize
Supply




A draft process safety minimum

Meets insurance and HSE
requirements

Stretching the Generalized Energy Hedonic End-Use Resource Whole Up-cycle Optimize -
Mind System Efficiency Efficiency Chain System Waste Supply



A draft process safety minimum

Energy Used By Pumps

Theoretical ~ Physical Minimum Process Safety

Minimum

Minimum

Stretching the
Mind

Generalized Energy
System

Hedonic
Efficiency

End-Use
Efficiency

Operational Optimal Design
Minimum

Current Design

Resource
Chain

Up-cycle
Waste

Optimize
Supply




Working toward a safe, operable and maintainable unit

Stretching the Generalized Energy Hedonic End-Use Resource Whole Optimize — -
Mind System Efficiency Efficiency Chain System Supply
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A fairly typical crude distillation unit
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Theoretical
Minimum

The operational minimum

Energy Used By Pumps

Physical Minimum Process Safety

Minimum

Stretching the
Mind

Generalized Energy
System

Hedonic
Efficiency

End-Use
Efficiency

Operational
Minimum

Resource
Chain

Optimal Design

Current Design

Whole
System

Up-cycle
Waste

Optimize
Supply




Operational cost savings due to the new design was small... but the
capital savings were significant

Line Loss Energy Expenditures Piping Capital Cost

600,000
500,000
400,000
300,000
200,000
100,000

0

ol =

Million Dollars
ONDPOOCOOND

Physical
Minimum
Minimum
Operational
Minimum
Physical
Minimum
Minimum
Operational
Minimum

Process Safety
Current Design

Process Safety
Current Design

36% of total unit cost

Stretching the Generalized Energy Hedonic End-Use Resource Whole Up-cycle Optimize
Mind System Efficiency Efficiency Chain System Waste Supply
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1.5 w/gpm /.5 waepm 15 w/apwm

60,000 miles of
blood vessels




Biomimetic Jhydrodynamics

SH  Australian
= sca-captain/
=" naturalist Jay

| Harman at
paxscientific.
com noticed
Filbonaccl
spirals all over
nature. Why?

e began 1o
imitate them.

Images courtesy of Jay Harman and
Pax Scientific (San Rafael CA)



» WATER TECHNOLOGIES™

PAX PURE

Learn about

PAX WATER
MIXER (PWM100)







Biomimetic hydrodynamics




92 acres

Texas Instruments’ RFab (2005) e
40% less energy, $230 million cheaper T

Paul Westbrook, The Joy of Efficiency, July 2019
www.joyofefficiency.com

40% less energy to process a wafer pattern than Spreading such methods cut Tl’s specific energy use
TI's previous best plant (6 miles away, 10 y older) 62% Iin 12 y, water 56%, greenhouse gases 57%

. 2.8
Energy Use Curves - RFAB vs Previous Best Fab 165%
(]
- 2.6
&
S 24
213 wwe Chips Out
T w—\Nater Used
2.0 w—Energy Used
1.8 e GHG emissions
= == =Energy/Chip
—® 1.6 w « «\Water/Chip
All data indexed to 2005=1.0
- 38% more efficient GHG/chip

=]
18%
15%

1%

Energy Use / Pattern Processed

0.2

V /4 Factory Utilization % - decreasing to the right 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017




Superefficient big refrigerative HVAC too

(100,000+ ft2 water-cooled centrifugal, Singapore, turbulent induction air
delivery—but underfloor displacement could save even more energy)

Element Std kW/t Best kW/t How
Supply fan 0.6 0061 & 7 Va”ej‘vx,[j'gg'v')f;ﬁ\”vTSH L
ChWP 0.16 0.018 204‘?;2§j§’ne;ﬁ;‘;,§f”mp’
Chiller WA 0.48| 5. i;ﬂf;ﬁjf*;f):e‘jf“ma'
CWP 0.14 0018 20-30 heaisfziient pump/
cT 01 0.0 Big ﬁ||vaar§:£g5:)|eo;vj fan at
TOTAL | 75 ((365682) Better L//g;;ng l;&e;omfort,

or 0.52 (incl. 0.41 chiller) = COP 6.8 = —-70% w/dual ChW temperature




Low-face-velocity,
high-coolant-velocity coils

Correct a 1921 mistake—'
about how colls work

Flow is laminar and
condensation is dropwise,
so turn the coll around
sideways, run at <1 m/s
(<200 fpm):

29% better
dehumidification,

AP -95%: smaller chiller,
fan, and parasitic loads




Start saving downstream for data centers
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| - Bandwidth 10%-40% b
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Optimizing solar power plants across the value chain
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Heat pumps are getting even more interesting

9-20 kW, 00 krom DHW heat pump
>60% of Carnot efficiency
COP=6-15 for AT=13-31K

(www.bs2.ch: COP 12.3 for AT=10K)

PV-powered Tesla Gigafactory saved
6—12 months and 98.5% of energy
INn a key process by eliminating gas



Negamuda: Safeway ice cream

New process:

Old process:

211 =2 \ N\ J » ) oY - -—
INEL NCW FTOQuUCt iviargin =

product lines,
previously IoSt In clean-out]
1)

olded waste disposal cost (from not having to pay 1or disposa

materiais (frrom W Not cleaning piping frequently,

ijncremental production achieved at | pex (from capacity-ractor boost|

Droduct margin (from price premium,

cannibalizea proaucts

Now, is that delicious, or what?




Negamuda: an Arctic industrial diamond mine

Old process: New process:

pirterent (

-

ds In Kimberlite 7 (Caustic Tusion—d

dissolve the Kimbperlite in hot NaOn

¢ (Create a sanaworm (Dune sciti novels), with hot

< N.LUH‘ \IP\\ o }‘N ‘dﬂL,.,'U‘ Urnmows around ol N ‘dﬂl\,
r\, otar

carrot-sn 1A Jkrk.‘
U IT UP and neutralize behind It with cheap €.g. f2o0a.

Sandworm will need fancy and costly alloys, but even IT made of pure unobtainium cosling sevel
magnitude more than conventional metais,

counting zero saivage vaiue 10!

Kimberlite pipe and poops out diamo|

—

al oraders ot
Stlll much cheaper than the current minii

1g method—even
r the abandoned mining anda milling ec

quipment no iong er needed.

Not yet done because the visionary CEO who loved the idea got hired away.




Negamuda: a large platinum-group mine

Conventional improvements: New question:

End-to-_end improvements in eac_h step: drill, blast, load, hoist, Where can improvements yield the greatest leverage for
haul, mill, concentrate, smelt, refine. health and safety, resource recovery, capex and opex, and

Can save ~43% of total energy with a few years’ payback. strategic advantage? Answer: ergonomics & info at the face.

mignest-ieverage interventions are about the peopie more than the equipment O

iViiner ergonomics: 30x-lighter/lux-h cableless headlamps (lithium/LED), phase-change vests (cool the miners, not
the air), minimized latent loads, whnite-painted walls with etficient indirect lightin @ continuous nydration +
electrolytes, quieter/cleaner/less scary working conditions: light lights, cool heads, cool people

-

Separately provide coolth and dryness, ventilation and tiltration and coolth; no undergrounad adiesel
undaergrounda heat not by bilowing cmi,»-eﬁ:—@;wv\,w,m\ air several Km aown and siaeways, but by r

Key InfTormation to the miner at the 1ace: DAcCK] K (Or smaller) assay equipment, iIncentivize noistiing ore not ton




Or get way out of the box (there is no box)

¢ All-electric mine, but save most of the electricity by very efficient use

& Get 5 MW by lowering W African iron ore to port with an Austrian
reverse-ski-lift, recovering 92-93% of the gravitational energy —capex is
similar to railway’s, builds faster, easier maintenance

¢ Get more power by dewatering and lowering perched water table down
to dry port through a hydroelectric turbine

¢ No power plant, highly reliable, no grid electricity, no fuel, no emissions

¢ Resupply by ski-lift and dirigible—no railway, no road, secure, probably
cheaper, easy cleanup



lypical areas for big industrial savings

Rightsizing everything (if we designed 747s this way...)
Thermal savings and integration

Innovative and distributed power systems

Designing friction out of fluid-handling systems
Superefficient drivesystems

Water/energy integration

Superefficient and heat-driven refrigeration

> S o J o S < SR - R <o B L T

Advanced controls



Designing for breakthrough industrial energy efficiency:
an eightfold way

1. Vision, intent, model, strategy, This approach lets you:
and culture first: why do it? . Capture multiple benefits

Task elimination before task Make them compound

Demand before supply Free up the most capacity
Downstream before upstream Avoid the most capex
Application before equipment Eliminate the most waste & harm
People before hardware Make the most profit

Passive before active Do the most good

OO sl O UL e Gl sl
® N O o~ N =

Quality before quantity Have the most fun



f a problem can't be
solved, enlarge It.

— Dwight David Eisenhower



How will we replace fossil fuels for process heat”?

Design out the need

Substitute for the product

Save the product

Reward doing more and better
with less for longer

Then redesign process heat
— |ess
— cooler
— Cleaner



8 neglected prior paths to decarbonizing process heat
Design out the need for concrete, steel, etc

Chemical microreactor Mobility-as-a-service 3D printing, local manufacturing

https://www.researchgate.net/figure/Rendered-top-view-of-the-scale-up-
microreactor-die-Metallization-is-shown-in-gray_fig3 277494576

3D-printed metal chairs by John Briscella,”continuuma3,”
from Zach Andrews, designboom.com, 25 Mar 2018

estimatefares.com

Onsite (not remote) building services . .
New Urbanist design

By




8 neglected prior paths to decarbonizing process heat

Solutions-economy business models deliver service, not stuff




8 neglected prior paths to decarbonizing process heat

Productive use: frugal structural design

Tension structures—~80-90% less material

RPS, IPTC, FabWiki

St 1 I = e Ot L 1 1 1 == BE=1 1 1amE=
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Fabric forms—=50% less material

Mark West, The Fabric Formwork Book, Routledge, 2016; CAST (Centre for Architectural Structures and Technology),

B|Om|met|C S’[FUC’[U res _~60_90+o/0 IeSS mate I’Ia| University of Manitoba, Winnipeg. See Hawkins et als 172-reference 2016 review, doi:10.1002/suco.201600117

,—— A Jos ¥,

Brennan O'Rear, 2018, from Cooper http://animalia-life.club/ http://www.miralon.com/how-its-used?
Hewitt, Smithsonian Design Museum other/bird-bone-cross- hsCtaTracking=0ebe525d-8588-4308-9bef-
section.html 88516ce9bbce%7C8601a7{7-555d-48¢9-85

0a-7c44e?156835



Latest MIT/NASA version—59x lighter than a “dumb” airplane wing

Structure as strong/tough as rubber but ~268x less dense (5.6 kg/m3), made of thousands of identical injection-molded
anisotropic parts, all covered by a tough polymer membrane of identical material, can yield any desired overall shape

An optimized-shape airplane that completely and continuously adapts passively to match flight conditions can thus be
made stiff, strong, but scalable in manufacturing and in microrobotic assembly, needing no separate flight surfaces

4.27-m-wingspan model in NASA’s high-speed wind tunnel worked better than predicted; applicable to wind turbines
i ' i ' e-wing/_, http://cba.mit.edu/docs/papers/19.03.MADCAT.pdf



https://doi.org/10.1088/1361-665X/ab0ea2
http://mit.edu/archive/spotlight/shape-changing-plane-wing/_

8 neglected prior paths to decarbonizing process heat

Productive use: material efficiency

A 13-m bridge supported only by 1-mm-thick carbon-fiber ribbons
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http://chinaplus.cri.cn/ph hina/18/20190112/234804_2.htm| The artistic 3D-printed
| hitps://3dprint.com/184852/bridge-3d-printed-railings-china/ 12 5m stainless-steel bridge

2 over Amsterdam’s Oudezijds

G Achterburgwal canal
gy ~ Chinese 3D-printed

P/ ®awisd pridge girder and railing



https://www.shapeways.com/blog/archives/35854-3d-printed-bridges-now.html
http://chinaplus.cri.cn/photo/china/18/20190112/234804_2.html
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8 neglected prior paths to decarbonizing process heat

Productive use: Productive use:
quality and design substituents

Taiheiyo carbon-neutral bamboo concrete

Freedom Tower (541 m)  Shanghai Tower (632 m)

Rahimian and Eilon, 2012 academy.autodesk.com

https://www.indiamart.com/proddetail/fumed-
silica-8346603562.html

2 I | ne s |
2633 AW 1ys SS00KVI BO00 ¥ 490 mm|

http://news.rice.edu/2018/06/18/cementless-
fly-ash-binder-makes-concrete-green-2/



Higher-quality steel and cement in China

Impact of Building Lifetime on Steel Production

Cumulative reduction
! insteel production
v fromlonger building
lifetime: 2050 Mt
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Sources: Climate Policy Initiative 2013; Allwood et al., 2011, LBNL 2050



8 neglected prior paths to decarbonizing process heat

Productive use:
iImprove materials quality

T

A

https://www.chemistryworld.com/news/sea-urchin-spines-inspire-elastic-concrete/3008390.article

DOI: 10.1126/sciadv.1701216


https://dx.doi.org/10.1126/sciadv.1701216

8 neglected prior paths to decarbonizing process heat

Productive use:
closing loops

https://www.slimbreker.nl/why-smartcrushers.html



20 paths to decarbonizing process heat (e.g. for cement)
A fuller portfolio

Eliminate need: onsite building services vs remote infrastructure, 3D printing/local manufacturing, chemical microreactors,
telecoms vs roads, shared & connected mobility vs parking, urban form vs automobility (/3 less concrete)

Service, not stuff: Solutions-economy business models (structural services not tons of cement, mobility services,...)

Productive use: Elegantly frugal structural design with appropriate safety margins, rewarding civil engineers for quality
Use other materials: e.g., ultralight carbon-fiber cars for heavy metal cars, timber for concrete, adobe/caliche, ...
Increase substituents: fly-ash, ground glass, rice-hull derivatives, nano or fume silica,... for clinker, bamboo for rebar
Improve materials-quality uniformity (3x in cement by eliminating Chinese shaft kilns)

Materials efficiency: e.g., fabric concrete forms (=2x), tension not compression structures (~8x), Girshenfeld, Miralon

Close materials loops: longevity, dematerialization, reuse, remanufacturing, recycling, downcycling,...

Less onsite waste via ontime delivery (Cemex), tighter specs, Smart crushing/unhydrated cement recovery/reuse

Capture significant knock-on effects such as reduced energy to transport cement, build roads & factories,...
Cleaner stuff: Substitute carbon-free or -positive chemistries (Solidia, Calera, Novacem,...)

Processes requiring less or no heat or (biomimetically —abalone shell)

Processes requiring lower temperatures: olivine+steam, ecocement, Bang bacterial cement, geopolymers,...
Make better: More-efficient processes, equipment, and controls

Heat recovery and cascading, cogeneration: e.g., McKay’s Hong Kong dioxin-free municipal-solid-waste cogen
Make cleanly: Fuel-switching: biofuels, bioprocessing byproducts, waste solvents, old tires, crop wastes, ...

Solar process heat (logical evolution for solar concentrators; can include cogen; feasible even with cloud)

Renewable electricity for heat pumps—now 160°C, soon >200°C

Renewable electric process heat or plasma

Renewable hydrogen process heat or reductant



“Only puny secrets need protection.

Big discoveries are protect by public incredulity.”
—Marshall McLuhan
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