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Let’s envision ....

= Manufacturers can predict when a product will reach its end of life and the
condition of the returned product based on the product attributes and
customer demographic data at the moment a consumer purchases a product.

= |s it better to keep my phone as long as it lasts?

= “l am a green farmer. | would like to keep my harvester as long as | can.”
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Let’s envision ....

= Even at the early stages of product design, the
manufacturer can predict which component will be
reused, recycled, remanufactured, or replaced with a
new component; and, in turn, modularize platforms
(i.e., better design) for easy, profitable end-of-life
recovery operations.
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Let’s envision ....

= Manufacturers can design a variety of products that
are targeted for the new product market, as well as
the remanufactured product market in a simultaneous
manner for a better market coverage and higher profit.
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Research Contributions — Predictive Design and Analytics

Multidisciplinary Design
Optimization — Analytical
Target Cascading (ATC)
Kim, et al. 2003 Trans. ASME
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Trend Mining Design I

Tucker & Kim 2008, 2009 Trans. ASME
Ma & Kim 2014 Trans. ASME

| Green Profit Design |

Kwak & Kim 2010, 2012 Trans. ASME
Kwak, Ma & Kim 2014 J Cleaner Prod.

Hybrid, Renewable
Energy Generation

Lu & Kim 2010 Trans. ASME
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Wind Farm Layout
Design

Lu & Kim 2014 Eng. Opt. J.

Energy Distribution

Kannan, Shanbhag & Kim 2012
Opt. Mtd. & Software
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How does CDC detect influenza epidemic?

s/

i
Patients with Influenza-Like Physician visits are reported to
lliness (ILI) visit physicians. CDC on regular basis.

CDC analyzes the
collected data and
publishes a report on ILI.

It takes one week to detect influenza epidemics.
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How does Google detect influenza epidemics?

m GO L)gle Mgoogle Org Fu Troncs

Flu ramady|

google.org ruenss

ILI percentage

[Source] Ginsberg et al., 2009, “Detecting influenza epidemics
using search engine query data,” Nature 457(19).

Can estimate current flu activity around the world in near real-time.

For product design, can we utilize user-generated data like this?
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Are these waste (or opportunities)?

Management of Used and End-Of-Life Electronics in 2009 (Source: EPA)
Ready for End-of- Collected for Rate of Collection

Disposed

17 DY e (million of units)

(million of units)

Recycling for Recycling
(million of units) (by weight)

Computers 47.4 294 18 38%
Televisions 27.2 22.7 4.6 17%
Mobile Devices 141 129 11.7 8%
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A product lives a life and causes environmental issues
throughout the life (especially in usage phase).

Natural resource depletion
Climate change

Toxic chemical releases
Waste and land management

e o o o

Product Material Manufacturing —> Sales& = Reverse _ End-of-Life
Design Extraction 8 Customer Use Logistics
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For example, a machine generates...
100+
Il Fossil fuels
[ Minerals
80+ [ Land use
= [ Acidification
= 504 B Ecotoxicity
g E= Ozone layer
2 [ Radiation
o 404 M climate change -
o 22 Resp. inorganics
204 FEFHH Resp. organics
Il Carcinogens
04
Manufacturing  Maintenance Usage End-of-Life Total
Global Warming Potential (kg CO,e)
824 Tons CO2e 11,800x
ILLINOIS Kwak et al. (2012) “Life Cycle Assessment of Complex Heavy Duty Off-Road Equipment,” ASME ISFA. 11

A major obstacle is that there exists a time gap between
design and end-of-life.

Remember one week delay for flu case?

@ 18 months | Age Distribution of EOL Products
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Kwak, M., Behdad, S., Zhao, Y., Kim, H. M. and Thurston,
D. "E-waste Stream Analysis and Design Implications,”
Journal of Mechanical Design, Vol. 133, No. 10, 2011.

20 years (20,000 hrs)
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A major obstacle is that there exists a time gap between
design and end-of-life.
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How to overcome the obsolescence ?

Kwak, M., Kim, H. M. and Thurston, D. "Formulating Second-Hand Market Value as a Function of Product
Specifications, Age, and Condition," Journal of Mechanical Design, 2011.
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Green profit of reman changes over time!

A model for assessing the time-varying advantages of

remanufacturing can
¢ Compare the remanufactured and brand-new versions of a product,
¢ Clarify how the nature of the product influences the time-varying value,
* Provide a multi-dimensional assessment tool (cost, impact, and net profit).

@
o
1

—=— Manufacturing Cost
—e— Environmental Impact
—4— Net Profit

~
o
L

e B
-
z
2 2 0
B o 50
3 I
% & 40
=N 3 30
()
4 gzo-
=N £ 10
S S
N Z-10 T T T T T T T T J
S

i
N
w
S
4]
=)
~
®
©
5

Kwak, M. and Kim, H. M., "Assessing Time-Varying
Advantages of Remanufacturing: A Model for Product Age (year)

Products with Physical and Technological . . .
Obsolescence,” ICED15, Milan, ltaly, 2015. Physical Deterioration
Technological Obsolescence
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Reman is composed of three sequential activities.

Product \ 4 Marketing and
takeback Y distribution

" ——
Material reco New part
i frecuclino} TSR .

For original equipment manufacturers (OEMs), producing both new and
remanufactured products can be an effective strategy to achieve “green profit”
(i.e., profits generated by an environmentally sustainable business).

Disassemnbly Reconditioning (Re)assembly

- Operation for both new and remanufactured products |:| Operation for remanufactured products

II.I.IN(‘)[S 15

There is strong interdependence among the activities.

1
gazelle

TRADE.M  BUY CERTIFED

*  Apple iPhone 6 16GB (AT&T)
B 1. Whatshape s itin?

End-of-life
products

Product
takeback

integrated pricing and

. . Reconditioni
production planning .

‘.. .:-_‘;'

mavimize profit from a line of

Apple iPhone 5
(Refurbished)

G new and remanufactured products
subjfect {o target for minimum S . :
$99.99 10 cnvirpnmental-impact saving & 3 :
$299 99 i Forward
: e logistics
16 to 64 GB

Marketing
and ) 4| Production
distribution [ i
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Let’s see how these can be integrated for analytics.

Design Analytics
Predictive Design Analytics

m ‘H/ :

Pros:
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Nice, pretty scroen

Rissponsig touchscroe

Good hand Teel whin used & a phone
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SERIOUS problems with the power connecion Amo‘;z;:’"”m“ﬂ Build usage model Predict usage — ‘“:z‘;‘; rate
Life Cycle Design i
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(54.78%)

250000
= 7 Available historical data  present future time
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User-generated contents and advanced telematics help
establish the link from design to predictive analytics.

"wow! "

wahnn W

| Customer Choice & Review | Bidi

Cons
amazoncom ]

Summary

N ebay o

Type Doors Cylinders HP RPM MPG Price Income Age Gender Choice

Standard 2 4 288 4900 31 45400 46816 40 Female Toyota
Standard 4 4 262 5100 30 41315 66590 54 Male Chevrolet
Standard 4 4 207 5000 35 37028 97504 39 Male Honda

Customer Usage Pattern ‘ Machine Utilization

JDLink" 4.3%  7.5% Machine load state
In 12.6% TE% Key-on (55.6 hours)

: I40% 34 0% Idle (1454 hours)
PRODUCT LINK 40.5% Low load {253.6 hours)

13.6% Medium laad {B7.7 hours)
4.3% High load (26.1 hours]

40.5% Total = 597.87 hours

[Source] http://deere.com
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Mining customer trends

Market share report

amazoncom

T
c,B\\e
é e o o

~ [Our Company

=Tucker, C. and Kim, H. M. "Trend Mining for Predictive Product Design,” Journal of Mechanical Design, Vol. 133, No. 11, 2011.
=Tucker, C. and Kim, H.M., "Predicting Emerging Product Design Trend by Mining Publicly Available Customer Review Data,” ICED, 2011.

ILLTNOIS

= Ma, J. and Kim, H. M. ”Predictive Usage Mining for Life Cycle Assessment" Transportation Research - Part D, Vol. 38, pp. 125-143, July 2015.

Customer review mining

Fodokohrk

"Unlike some | actually own the phone -- It's great!"
on December 15, 2011 by jayrieblanc ( & 1 review)

Retrieval

Pros: Speedy phone, great resolution, ICS is very pretty and definitely a better than
Gingerbread. Camera takes nice photos and certainly better than | was expecting due fo pre-
release reviews.

[Cons: Wish handset was made of metal but it does seem very sturdy. ]

ook

"Amazing Phone!! Lacking a few small things"
on October 15, 2011 by frigginbeaner ( * 1 review)

Pros: -Best cell phone camera by far - its not about the mega pixels its about the picture
quality

-Superfast performance and improved call quality with the dual antennas

@ amazing. For Someone with a busy life and who doesn't wanna die in a car crash.
Cons: - Smaller screen can be hard to get used to. | moved from a 4.3 inch to this and | do
miss the bigger screen

I[.I.[NO[.‘;
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Customer review mining

Review Text o
Retrieval

Included memory
is stingy.

The review is turned into a sequence
with Part Of Speech* tags.

({included, VBH{memory, NN}Xis, VB}{stingy, JJ})

4

{{included, VBNSfeature, NNXis, VB}{stingy, JJ})

Product Feature
Text Mining

Eric Brill. A simple rule-based part of speech tagger. In Proceedings of the Third Conference on Applied Natural Language
Processing, pages 152-155, 1992.

l[.I.[N()[S‘ 21

Customer review mining

Review Text Unstructured Data Structured Data
Retrieval
Date Feature Count Type
Jan31 Screen b Cons
Febl Camera 9 Pros
Febl Apps 15 Pros
Product Feature Febl Keypad 4 Pros
Text Mining Febl Weight 7 Pros
Febl MP3 3 Pros
Febl WiFi 8 Cons
Febl Color 4 Cons
Febl Screen 7 Cons
Feb2 Camera 8 Pros

Feb2  Apps 14 Pros
Feb2 Keypad 2 Pros

l[.I.[N()[S‘ 22
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Customer review mining

Prediction

i Feature —r—
Review Text c B Camera b
ount = { ! )
Retrieval Apps ! / Emerging
D — \‘/'

100

PEE—
Product Feature 50

Text Mining -~ Static
| S —

4

"7~ Obsolete

. Time
Counting and

Prediction

e.g., Holt-Winters Forecasting }’;‘t(k) =L+ kTe + I_syp
tevel: L =a(y,—1_)+(1-a)L_+T.)
Trend: T, =y(L,—L_)+(1-p)T_
Season: [ =6&(y,—L)+(1-6)1,_,

I[.I.[NO[.‘; 23

Large-scale sensor data from telematics system

* Companies such as Caterpillar
(PRODUCT Link™) and John Deere
(JD Link™) have developed
telematics systems for their
machinery.

* Operational data can be gathered in
real time for various purposes: asset
utilization monitoring, location
tracking, fleet management,
machine health prognostics, etc.

source : http://www.equipmentworld.com/
§iLLiNOTS

3/9/2016
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Amount of diesel
fuel (1)

I[.I.[NO[S‘

Build usage model

Engineering design scenario: combine harvesters

Estimate environmental impacts of product life cycle (e.g., 10 years or
20 years) with a usage model from sensor data

Predict usage

\ 1
N\ 1
/\ J
g [/
)
v/

7

Available historical data
(e.g., 7-year data)

present

future time

(e.g., 9.5-year data)

Ma, J. and Kim, H.M. “Predictive Usage Mining for Life Cycle Assessment," Transportation Research — Part D, Vol. 38, pp. 125-143, 2015.

real value
constant rate
PUMS

I[.I.[NO[S‘

<Telematics systems>

<Predictive life cycle assessment>

Predictive Usage Mining for Sustainability (PUMS)

Handling missing and
abnormal data

Seasonality analysis

Segmentation analysis

Large-scale sensor data

Ty
| ff 'l"u“-v/ M'\‘ /

Data representation Time series analysis

<Modeling usage stage>

\ 4

Current hi

+

Usage model

Environmental impact with
target time horizon (real time)

=

New machine

3/9/2016
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I |
(Infrequent) Usage modeling

* Automatic segmentation

- Detect periodic low-activity periods and group them separately
- Magnify important patterns and make predictions
- Combine the results and maintain the time stamp

Original data Segmented data

) '!
I !
Iy !
7 1
’ ‘l 7
/ 14
¢ P
=) - s <1
==
—~—~——— e - = T e ==
— ! — — predicted values
Periodic very low-activity periods
I[_I.[N()[S‘ 27

Usage modeling

¢ Time series models Smoothing factor, 0 <a <1
- PUMS-ets f
Grer = 0 +a(ye — i)

-

observed time series

forecast error

Seasonal Component
Trend N A M
Camponent (None) (Additive) {Multiplicative)
o1 = oy + (1 — a)[ayi—g + (1 — a) 5] N (Nene) NN NA NM
2’\ A { Additive) AN LA AM
= ayr + a(l— f")}/tfl +(1—a) Yi1- Ay (Additive damped) AgN AgA AgM
M (Muliplicative) M.N MA MM
My (Multiplicative damped) | My MyA My M
- PUMS-arima . .
autoregressive model, AR(p) integration, I(d)
,
(L= B == pBP)(1 =&y B™ — - —dpB"™)(1 = B)(1 - B™)” ¥,
=c+(1+0B+-+0,B)(1+6,B™ +--- +O0oB8%)e, |
—— observed time series
moving average model, MA(q)
[Ref.] Hyndman et al. (2008)
|[.i.[{\'()[5 28
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Being green can be profitable?

!l.!.[.\’()[S 29

Obstacles to making green profit

¢ OEM remanufacturer’s concerns:
* Unbalance b/w supply of cores and demand for reman products
¢ Unproven environmental sustainability of remanufacturing
¢ Cannibalization of new product sales

= Relevant literature:

* Pricing: Focused on pricing from the economic perspective w/ little design

and process consideration.
Guide et al. (2003), Ferrer et al. (2010), Vadde et al. (2011)

¢ Production planning: Pricing was separated from production planning.
Mangun and Thurston (2002), Kwak and Kim (2010), Jayaraman (2006), Franke et al. (2006)

¢ Environmental assessment of remanufacturing: Mostly Life Cycle
Assessments (LCAs) comparing new and reman products for the sake of

product evaluation not decision-making.
Smith and Keoleian (2004), Goldey et al. (2010)

!l.!.[.\’()[S 30

3/9/2016

15



3/9/2016

Let’s consider economics together with environment.

= For OEM remanufacturers, the new model considers
joint pricing and production planning to develop an optimal
portfolio of new and remanufactured products.

= Two objectives:

Maximize [total profit f;, total environmental saving f, |

= Decision variables:
e D,»%, :buy-back price and take-back quantity of the end-of-life product
e P,»X%, :selling price and the production quantity of the new product
e p,,x, :selling price and the production quantity of the reman product

!l.!.[.\’()[S 31

Transition matrix

Transition matrix represents the relationship between product
design and remanufacturing operations in a matrix form, such
that the impact of product design can be mathematically

reflected in the production planning. Operation;
A
1 2 3 4 5 6 7 8 9
[ Remamifactured product <= 1 Product ABC (R) 1
b éfa Endoffifeproduct ~ { 2 Produt ABC(EOLL) 1
3 Product ABC (EOL 2) 1
u 4 Subassembly AB (R) 1 -1
Part (wf or wio extemnal 5 Subassembly AB(W) 1 06 -1
y—l—‘ purchase availability) ¢ Subassembly AB (N) 0.4 -1
7 Conmponent A (R) 1 -1
{ Conponent B (R) 1 -1 Ttem
"Lf‘_‘a 9  Component € (R) 1 -1
10 Component A (W) 1 07 -1
xR
~

Disassembly Reconditiorming Reassembly

!l.!.[.\’()[S 32
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-
Mathematical model (1/2)

The objective is to maximize the total profit from the sales of
new and remanufactured products, while achieving

environmental-impact saving é.

Profit from the new product Profit from the remanufactured product
|

|
I L 1

M N
max. (F,-C,)-Z,+F,-Z, _(zig,ci M, +Zkgkpk X, +ngjcj Y +Zi€,ci "Ni+c,-Z,)
Cost of Cost of Cost of Cost of Cost of
recycling takeback production  spare parts reassy
and sales

g : X <4, -5,(F) VkeK Take-backavailability of end-of-life products, given buy-back price
8:Z,< ZIELQI -d,(F,.F)
812, < Z,ELQI 'dr,/(PmE)
g,:Z <X, Upper limit for remanufacturing

gs :Zkek (e,—e)- X, +{E, -Z, —(Ziele,M M, +Z/E./ef Y, +Zi€[e[N ‘N, +e,-Z)} 28

Environmental-impact saving exceeding the target &

!l.!.[.\'t)[S 33

}Production quantity not exceeding the demand, given selling price

I |
Mathematical model (2/2)

Constraints for the Input-output flow balance
X, + Z/_EJT,]. Y. —M,=0 Vi corresponding to the end-of-life product k(Vk € K)

J

N, + zjej T,-Y,—M,=0 Vi corresponding to a part with external purchase availability

: ZMT,]. Y, —M,=0 Vi corresponding to a part without external purchase availability

J

hl
hZ
h}
h,: Z,-a/ T,-Y,—Z,=0 Vi corresponding to the remanufactured product
hy: N, =0 Vieg part with external purchase availability

h(J

:M,;=0 Vi corresponding to the remanufactured product

Variable conditions
X..Y,,Z,,Z,,N, 20 and integer  Viel,VjeJ,VkeK

P,P.P.M,>0 VielNkeK

!l.!.[.\'t)[S 34
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Example: smartphone

= Baseline case: New only. No takeback is conducted.
= Target case: Both new and remanufactured products are

offered.
Smartphone
I
I I I I | I

Front screen Dock comnector| Rear panel g
assembly (FS) assembly (DC) assembly (RP) Loyl bl GEER s
—  Digitizer —H  Antenna H Rear casing
| | | Headphone jack

LCD screen Charger port || assembly (5
—  Earspeaker — Loudspeaker I Wi-Fianterma
L  Frame '~ Microphone 4 Vibrator

I[.I.[N()[S‘ 35

Example: engine water pump

Suppose that an OEM manufacturer of engine water pumps is
considering starting their own remanufacturing business.

Current market status (baseline)

Attribute New pump Competitor
Price $100 $50
Brand OEM Third-party
Condition New Reman
50004 Market share 45% 55%
E 4000+
& 2000 Assumptions on market conditions
g 2000} Parameter Value
§ 1000 Available cores in the market 5,000 units
S 5 . ‘ ; . Attainable cores at p =0 500 units
0 10 20 0 40 Buy-back price for 100% take-back $30
Buy-back price ($)
I[.I.[N()[S‘ 36
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Customer preference in the market

= Total market size: 3,000 units

= Customers prefer a new product w/ lower price and OEM brand.
Customer preference assumption

Attribute  Utility factor (B) Ideal Critical
Price 0.8 S0 $100
Brand 0.2 OEM Third-party

Condition 0.45 New Reman

Utility of productj: U ;=M= Beowa 1=y G eona )] (ﬂprice Y price T Brrana " Y  brand)
where

{0 if remanufactured product {0 if remanufactured by third-party
yj,cand = yj,brand =

1 else (new product) 1 else (OEM)

—_1_ critical
Y price = 1 pj/pj

mILL[NO[S 37

Bi-objective problem: e-constraint approach

Using the e-constraint approach, the model can incorporate the
trade-offs between profit and environmental saving.
max [fi(x), f(x)]

subject to
g(x)<0 /=12, L
h (x)=0 m=12, M

max f(x)

subject to
h (x)=0

filx)ze /_ Lower bound for f,
£= () +(L(F) — f(0%) -6 (f, under max f,)

0=o=l

I[.I.[NO[.‘; 38

3/9/2016

19



I |
Case study: Scenario 1 (new production only)

T

20000
€ 1y
Em ]
g 40000
:Es n  Baseline
E 200001+ ¢ Sgenarip1 [--re
g —+—Scenario 2

04-4 ¢ Scenano 3 feeeeememmeee—eemeeeen

= The company optimizes the selling price and quantity of the new
pump. No remanufacturing is conducted.

Bascline

Scenario |

Selling price (%)

Market share

Pumps collected (unit)
Total cost (5)

Total profit ($)

Impact saving (kg COse)

100,00
45%

0
7167642
6322358

(.00

8940
66
1]
104831 .41
71547.25
.00

© 1000 2000 200D 4000 G000 800D
Bexinaem lmpect seving (kg CO, squimient)

!l.!.[!\’()[.‘;

I |
Case study: Scenario 2 (remanufacturing only)

= For this period, closed-loop production is conducted. The company
produces only remanufactured pumps. The selling price and
production quantity for the remanufactured pump are optimized.

100000
S0000.
1] '
E 80000 Max. profit | Max. impact saving
=y @W Selling price ($) 86,82 50.85
5 49000 e Market share 37% 74%
E = Basslne . Buyback price ($) 493 13.23
_E 200001 & Scenario 1 - b P Pumps collected (unit) 1240 2482
] — Scenario 2 Total cost ($) 4676131 114209.64
= od-| ——5scenario 3 leceeeeeeeeo % Total profit (5) 50440.20 6.24
Impact saving (kg CO-¢) 2853.18 3710.96

Liseimuun impec] seving (kg GO, acpubalant)

!l.!.[!\’()[.‘;
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Case study: Scenario 3 (new and reman together)

= The company optimizes and sells both the new and remanufactured

products.
100000 -
L] S
= * Max profit__| Max impact saving
E £0000 - New |Reman| New Reman
HA Selling price ($) 9346 | 91.77 | 99.99 41.34
g AO000 T Market share 48% | 17% 13% 71%
E . Buyback price ($) 0.64 12.44
E 200001 : 23::2?21 .................... Pumps collected (unit) 596 2366
) i Scanario 2 Total cost (S) 95553.02 127796.32
=z ol Seenario 3 bow__(1%  Total profit ($) 8613097 0.00
Impact saving (kg COse) 1226.70 5442.50

G 1000 2000 3000 4000 5000 BODD
aximum linpact saving (g GO, equivelent)

II.I.[N(')[.‘;

a1

Efficient frontier: Pareto-optimal solutions

The results shows an opportunity to increase profit and
environmental saving at the same time.

Profitable Green,
100060, Profitable
80000
e
§ oo
E 40000
11 Baseline
200001 1 # Scenario 1 -7
— | —Scenario 2
04| —+— Scenano 3 Leceemeammeaeaan
0 1000 2000 3000 4000 5000
Meaximum Impect saving (g CO, squivalent)

II.I.[N(')[.‘;
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Reman product should be cheaper.

II.l.IN(‘)[S

Green profit of reman changes over time!

II.l.IN(‘)[S

=)
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=
=}
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=]
<
>

Total Saving Over Brand-New (%)

A model for assessing the time-varying advantages of

remanufacturing is developed. The model:
e Compares the remanufactured and brand-new versions of a product,
¢ Clarifies how the nature of the product influences the time-varying value,
* Provides a multi-dimensional assessment tool (cost, impact, and net profit).

B —=— Manufacturing Cost
—e— Environmental Impact
—4— Net Profit

Product Age (year)

Physical Deterioration
Technological Obsolescence

44
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Products w/ physical and technological obsolescence

Each part has its own lifecycle characteristics, in terms of cost,
technological obsolescence, and physical deterioration.

ll.:*
abs

ll.I.[N()[S‘ 45

Chips

Maost expensive

Major tech advanies every 15-2 yeam,
Lo failure rate

Optical drive
Major advances every 2.5 yeams,
Higgh finillure: rates

Products w/ physical and technological obsolescence

Each part has its own lifecycle characteristics, in terms of cost,
technological obsolescence, and physical deterioration.

Probability that a part is reusable both physically and technologically
can be modeled as:

S5 (0 |, | the maximum change in part
eneration allowed for t years
w, (1) fi(n,0)[ | BEes M
- to satisfy customer requirement

n=0

where
- w(t) :reusability of part/ after t years of use
- n : change in the part generation over t years
- fin,t) :the probability that a total of n generations of part i will appear in [0, t]
Biivinors n
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Cost advantage of a remanufactured product

Proposition 1. The cost advantage of remanufacturing over producing
the equivalent brand-new product is formulated as Cy gg(t).

g (0)
ew econd 7
Come®=D| WO Y [0 (Clin ()= C1 " (0) =V (1))
el n=0 L 1
Y Y
Probability that a part is reusable Cost saving from

both physically and technologically reusing a part

450

400

350

—a— Cne(f)
—v— Crs(1)

—o— Cre(t)
—*— Cwr-re(f)

—+— Cras(t)

300

Cost (8, in present value at =0)
(5]
f=3
=]

1 2 3 4 5 6 7 8 9 10
Timing of remanufacturing (product age, in year)

« NR: Production of brand-new products w/ responsible take-back and recycling
« RR: Remanufacturing w/ recycling; RS: Remanufacturing w/ part resale and recycling

l[.l.[!\’()[.‘s‘

Environmental advantage of a reman product

Proposition 2. The environmental advantage of a remanufactured
product over its equivalent brand-new is formulated as E, z(t).

5 _5,(0)

Em®=2|w® Y ./[‘("J)‘(Effa':ga(t)—E,'Wmd(t)+E"”‘"’(t)):‘

iel n=0
L J L J

Prol

Y
bability that a part is reusable

both physically and technologically

Y
Avoided impact by
reusing a part

500 —8— Exe(t)  —o— Eza(l)
450 ——Ers(t)  —*— Exzrr(f)
400 —+— Enras(f)
350
300
250
200
150
100
50
0
-50

Environmental impact (kg COze)

1 2 3 45 6 7 8 9 10
Timing of remanufacturing (product age, in year)

« NR: Production of brand-new products w/ responsible take-back and recycling
« RR: Remanufacturing w/ recycling; RS: Remanufacturing w/ part resale and recycling
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Net profit advantage of a reman product

Proposition 3. Let /3 be the price ratio of the remanufactured
product to the equivalent brand-new. Then, the advantage of

HRR—NR(Z) = (PR _CRR)_(PN _CNR)

5 -5,(0)
=<ﬂ—1>~RN+Z[wi(t>- > St (o (O =Cr () =V (1))

iel n=0

'c‘? 3507 —a—TIw(l) —e—Tr(l)

L 3001 —o—TIrs(l)  —k— Trrn()

S 2504 —+— Tlesi(t)

S 200]

g 150

2 1009

: 504\1\\o\

=

s 0

@

T -50]

5 -100]

& 15—

2 1 2 3 4 5 6 7 8 9 10

Timing of remanufacturing (product age, in year) (B=0.7)
o « NR: Production of brand-new products w/ responsible take-back and recyclin

Biroinors e p e

« RR: Remanufacturing w/ recycling; RS: Remanufacturing w/ part resale and recycling

remanufacturing from the net-profit perspective is given as I, ().

Net profit advantage of a reman product

Corollary 1. The range of  where the remanufacture product
becomes more profitable than the brand-new is f2f* where f* is:

51 —5,(0)
Binse = 1—(1/P.w>~2{w,»(t>~ Y (Cloa = Crm )=V 1)) f(na)

iel n=0

z 100% —————————————— 1.1 Remanufacturing is more profitable only if
$ —8— Enr-rr(f) —V¥— Enr-rs(f) illing t th i
S 80%]| - pran i prs 1o consumers are willing to pay more an
g r\ BPE of new price.

5 60%4\\ ’

; 40%1 . 08 Let t=4. Remanufacturing (RR) makes sense
£ % < & if consumers are willing to pay more than
g 20% er \-\!k ------------- r0.7 81% of new price on a REMAN product.

E P S B N S

T 0% ST ~y "—Los

|5 S | | Yy If beta is known as 0.7, a reasonable

£ -20% — 0.5 strategy is to remanufacture (RR) until t=2.5
2 1 2 3 4 5 6 7 8 9 10 X

s . . . and to choose new production afterwards.
= Timing of remanufacturing (product age, in year)

| LLINOIS « NR: Production of brand-new products w/ responsible take-back and recycling
(LI . « RR: Remanufacturing w/ recycling; RS: Remanufacturing w/ part resale and recycling
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CONCLUSION

Where is this research heading?

N

Consider cell phones’ fate when designing them.
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Summary
Design Analytics
B Predictive Design Analytics
m
Pros: :
Waory fast —

Nice, pretty scroen
Responsive touchsersn
Good hand Teel whin used & a phone

-~ realvalue
J Amount of diesel constant rate
SERIOUS problerms with th power connecton fuel (1) Build usage model Predict usage PUM"S "
.
\
. . \
Life Cycle Design o \
\ \3
300000
2501025
(54.78%) "-‘
250000
= 2 Available historical data  present future time
& 200000 (e.g., 7-year data) (e.g., 9.5-year data)
8 :
2 150000
g 78637.09 e
g (20.02%)
N 100000 (6 can : )
29838.24
© 50000 (6.33%)
o
Manufacuring Maintenance Usage (FuellUsage (Emission) End-ofie
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Being green can be sustainable by carefully linking
predictive analytics with design and manufacturing.

Well-designed products enable more profitable,
sustainable end-of-life product take-back and
recovery.

A quantitative model can close the loop of
pre-life, usage life and end-of-life of
products for sustainability.

Predictive design analytics enables
integrated approach to design,
manufacturing, and sustainability.
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