ability in Civil Engineering



Today’s questions

 How do we guantify the unsustainability of an
engineering process / infrastructure system?

* What are some general methods of moving to
sustainability in engineering systems?



Id we want to measure
un/sustainability?

* Decide where to prioritize changes

 Compare different design choices,
processes, or options

e Evaluate the impact of current or
proposed policies
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 Ecological footprint: One attempt to

~quantify large-scale sustainabillity

e » Assumes that all
resources used are met
renewably (as ecological

services)

* Footprint: How much
average-productivity earth
surface area Is needed to
supply resources

* Can be downscaled to
personal level.
footprintcalculator.org
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ng global eco-overshoot

18—

16~ 1961-2003

14l == Ecological Footprint

o
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E o8- 2003-2100, scenarios
= = [oderate business as usual (to 2050)
0.4 — - Slow shift
« Rapid reduction
02—
] 1 1 1 1 1 [l 1 1 1 1 1 1 1 1 ]
1860 1980 2000 2020 2040 2060 2080 2100

Kitzes et al., “Shrink and Share” (2008)

Global Footprint Network

022, we will have used more from nature than our planet can
hole year.”
shoot Day” — usu. earlier each year) overshootday.org



ical footprints

U Africa

M Middle East/Central Asia

B Asia-Pacific

B South America

B Central America/Caribbean
_ Morth America

footprintnetwork.org




-al footprint and human
welfare

Human Welfare and Ecological Footprints compared
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& =
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Ecological Footpring {global hectares per capital

arguably, diminishing returns of consuming more



leltatlons of the ecological

_ - footprint
. Not aII iImpacts well captured by land basis:

- Forests actually can't fully sequester fossil fuel
CO;

— Other greenhouse gas and pollutant emissions
are ignored

* Biocapacity includes unsustainable productivity
(e.qg. Irrigation and synthetic fertilizer)

* No provision for other species



f_uantlfymg the sustainability of
o specific products

"« The domain of life-cycle assessment
(and variants)

* Not simple, because things are
Interconnected

— Infrastructure, especially, affects what
else is built and bought

— Input-output tables (Leontief): output
from one production sector is used for
other production sectors as well as
directly



* General stages:
- (1) Raw material
acquisition

- (2) Materials
manufacture

- (3) Production

- (4) Use/reuse/
maintenance

,..n:;;:z::;ﬁmm e - (5) Waste
management

* Individual LCAs vary
INn scope

: Further con Tﬂimt nts
and auxilaries

Crude oil extraction

H:r.y: ling to recyebite
{of loveer qualits)




LCA phases
* Example (EPA):

LCA of solders
e In electronics
Produt devtopmans (compare lead-
e potey containing
—— J solder with
alternatives —
some
Figure 1 Phases of a LCA Study (I15014040: 2006) com bl natiOn Of
Goal/Scope Definition tll.’], Sllver’
Inventory blsmUth, and
e non copper)

Applications



(1) Scope

» What is the goal(s)? What aspects
related to the product need to be
considered to meet the goal?

* Goal: Compare environmental and
health impacts between alternative
solder materials

* Scope included metal mining and
refining, solder manufacture, solder
application, and recycling or landfilling;
excluded components believed small
(<1%), transportation, demand for
electronics/solder



Measure or estimate the material
and energy flows at each included 2 Inventor
stage of the life cycle, including ( ) y

emissions to air, water and soill
Product Life Cycle Flow Diagram

Sources of data: Literature search, e i
direct observation/measurement,

databases (NREL LClI, ICE, ..., e
proprietary) Components — i

Hazardous Material Outputs

Fossil Fuels Biclogical Agents

E.g.: mining emissions were
obtained from literature; material
and energy use during soldering
by experiment; recycling
emissions by asking companies;

~ some solder recovery efficiencies
~ were assumed

T T e



Outputs
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Occupational Stratospheric
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= Public Photochem.
[&]

non-cancer sm

E Ai?g Aquatic
(=% . |

Public cancer oo . ecotoxocit
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= v
5 Air :
§. particulates Landfill space
% use

*Equations for calculating impact scores for each category are provided in Section 3.2

(3) Impacts

Group and
aggregate
iInventoried
matter and
energy flows
iInto impact
categories

There are
conventions
(like GWP) for
conversion
factors from
Inventory to
Impact units



(4) Interpretation

nghllght “noteworthy” results of analysis

Evaluate uncertainties in data and
methods usec

Develop conclusions, recommendations
Bring in economic and technical factors
E.Q.:

- Lead solder resulted in more toxic
emissions than alternatives, but less
greenhouse gas emissions

— Using recycled metal for solder can
greatly reduce life-cycle impacts



_ Construction vs. operating energy

Ratio is around 1:10 for motor vehicles (with
another 1 for roadway construction), 1:20 for
trains and aircraft

Building construction energy = 10 years of
operation

Favors investing more In building infrastructure
that has low operating energy, e.g.
superinsulated buildings, electric vehicles

Close to or under 1:1 for customer electronics



Limitations of LCA

" * No objective way of weighting the various impact
categories

- (Subjective) weights are nonetheless available,
e.g. Eco-Indicator 99

| — Can test the sensitivity of rankings to weights
* At best, gives a relative (more/less unsustainable)
iIndication

* Different analyses usually not directly comparable
because of different scopes, etc.

» Still, considered to be better than nothing, If only
for raising awareness



ng h-P rofile app”catlons of LCA

. Paper vS. plastic cups, cloth vs. plastic
diapers (1990-)

* Biofuels: are they actually carbon-
neutral?

e California low-carbon fuel standard
(2007) and EPA Renewable Fuel
Standard (2010): fuel GWP (carbon
Intensity) to be determined using LCA



Variants of LCA

xergy LCA: express impacts as exergy
requirements and wastes

* Express impacts in terms of ecological
footprint, carbon footprint, water
footprint, etc.

* “Streamlined” LCA with only semi-
_quantitative evaluation of impacts by
type and life-cycle stage



Design for Sustainability

How can engineering be re-thought?



Manufacturing Operation Retirement

odify approach early in design stages



~ Green engineering principles

Avoid hazardous materials

Choose renewable materials and energy
Prevent waste

Design for durability and “afterlife”

Cf. EU regulations: Restriction of Hazardous
Substances (applies to Pb, Hg, Cd, Cr**, PBB,
PBDE), Registration, Evaluation and
Authorisation of Chemicals (REACH), Waste
Electrical and Electronic Equipment



#-ﬂ-:‘:-a i "'.;" L"’".f =
b dlBes Design for reuse

: {'T'Prld'r'i_ty reuse- refurblsh—
. remanufacture-recycle(closed-loop)-
downcycle(open-loop)

Use few materials and components

Modularize (allow failed component
to be replaced) [e.g. fridges, washing
machines]

Mark components (e.g. types of
plastic, steel beams)

Make separation easy (e.g. bolts
rather than welds)

Dissipative components should be
benign/biodegradable (e.qg. tire
rubber)

The BUYERARCHY
of NEEDS
(2w th Zga&;g{eﬂ I

™)
The Story of Stuff
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High-grade reserves
of many elements
used In high-tech
applications are
scarce

Low-grade reserves
require much more
energy to exploit

Production may be
concentrated in a
single country, e.q.
REES

Health/pollution
considerations



A sustamable designer’s periodic
e table (Andre Diederen)

HCNOWPSC

non-metal slsments

Na Mg Al Si
K CaPe

elememnis of hope

Ti O Mn Cu

frugal elements

* Elements of hope: abundant, rely on those
* Frugal elements: less abundant, limit use
* Critical elements: hard to get, avoid if possible



2] ecology metaphor for human
idustry matter-energy flows

s el >
i o Technical processes,
T prodeion s like life, consume
B f exergy to transform
. :| |y Mmatter
; ﬁﬁ : §° Energy and material
% ¢l | flows can be thought of
) as a technical
: —— MJ metabolism
| swseswss | Sime © Niches, evolution, life
- -mewy — cycle, recycling

of capital goods



Learnmg from ecosystems
* Matched to prevailing
energy flows

* High connectivity,

3 symbiosis

I {é; AL © Local recycling of most
11 wastes
™ Racriess — Common underlying

biochemistry
facilitates recycling

* Diversity and resilience
(multiple ways of
meeting function,
multiple functions per
item)

Recyclers e




Systems attributes (seen In

ec0;-'i"?fi;“'-'??i;gstems -- and infrastructure?)
~ » |nterdependence

Holism, holarchy

. Goal seeking

" _  * Inputs-outputs-transformation

- nonlinearity
= Regulation-feedback
— adaptation may be unpredictable

e Differentiation

° ifi ' cf. Donella Meadows,
| ifinality Thinking in Systems: A Primer

* Multifinality



strial symbiosis

INDUSTRIAL ECOSYSTEM AT KALUNDBORG. DENMARK

The classica example (but most exergy from fossil fuel)

T R RO




ulture-based symbiosis

hdarket of
products

L]
i
External inputs by ather 'I Food 5 ' ;
zectors ' Processing Enterprise C et Ext;;lnal IHE,EUE by
(e, erargy; chamicak, oh.) o | | Enterprize & X ] R T
' [
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ ! Il-
e E E Agricultural Enterprize B
GlErarmplod s fiield fmsma, esbok ke
initial stock ._L AR eE) L ook

i 1
To natural W aste Composting Livestocky
en iranment, treatment plart/Biog a= Aquacultural
! Wit e systems plant breeding |
Y T o= T

:Bn:-l.ndarg.r of @ zero weste

| _industris ecosystern !

External input by External input by
other sector agricultur e

Partly/largely solar source of exergy

Diu, Greening Food Processing Industries In Vietham:
Constraints And Opportunities



nutrients

Ponds
(water plants

| fish)

nutrients

e
L _.;\-"'E‘ 5 W,
P i x

P e

Rice
Cassava
Oil palm
Sugar palm
sSugar cane

food
Family

food

The integrated farming system

residues
by-products
biomass

Ducks
Pigs
Buffaloes

-~

&
Market

excreta I I fuel

Biodigester

Cattle

excreta



1 Recycling Facility l——Glass—] 2 Sheet Glass Factory
I|
Aluminum
¥
Waste Heat
6 Aluminum Facto Low Iron
umindm Y Sheet Glass
3Ja Green House
I—A.I. rails—{
' r
o . I Newspaper
rganic 4 Photovoltaic Plant S Semiconductor 3b Mushroom Growrooms fe
Waste : Recycling Plant
and
Recycling =
Wasle Shredded Newspaper
Photovaoltaic Madules Wood Pulp
Aluminum
Balance of Systems
, ard 8 Cardboard
T Packaging Factory goa rd (‘;i.‘: ctory
Plastic E

Packaged Photovoltaic Module and Balence of Systems Components

General Public of Solar Electric Customers

are, “Industrial symbiosis of very large-scale photovoltaic
manufacturing” (2008)
advocated as “a medium-term investment by any government”




supportlve Logistics and Policy

_.-"l:;"q_ ,,-‘]-\3:%. -\,.n-':‘"_'u
T iy

g ¢ } S
_\.- I'_. e ..

Boons et al (2011)
-~ "The dynamics of

- industrial symbiosis"

.?5? Rosa and Belobhorodko

- (2015), "A decision
- support method for
~ development of

Efj mdustrlal synergies"

. PrOX|m|ty matters: "within the Nationa

Antecedents:
- specific trigger for
the development

Mechanisms:

Society level:

- location specific
- business specific

-  type of individual
firms, local
authorities, and
associations

- number, sector, and
size of companies

Mechanisms of
transmission:

= coercion
- imitation

- interest government

- demonstration
projects
- training and

professionalization

[selection mechanisms]

Regional Industrial

System level:

- institutional
capacity building

Social system:
’ - diffusion of

OQutcomes:

Ecological system:
- warious indicators

concept

- knowledge
resources

-  relational
resources

- mobilization
capacity

Industrial

.:__,._;__:_Sy_mb|05|s Programme in United Kingdom, 1/4 of
- exchanges occurred within 15.4 km radius, 1/2
- occurred within 32.6 km radius, and 3/4 occurred

W|th|n 62.6 km radius"

~« What policies/infrastructure would you suggest to

‘encourage symbiosis?
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