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(Space) electronics as environmental hotspot

| Green-eSpace

From GreenSat to Green-eSpace

THREE IMPACTFUL AND ECONOMICALLY FEASIBLE ECODESIGN STRATEGIES

SUSTAINABLE GERMANIUM SUPPLY OPTIMIZATION OF ELECTRONICS

Using recycled Germanium and having the
material produced/extracted as a
by-product of the zinc extraction

Reducing environmental impact of space
electronics design and development by
bringing space electronics closer to

for solar panels will reduce the state-of-the-art technologies and
impact on mineral resource industrial practice applied in other
depletion. high-reliability electronics, while
meeting the stringent require-
ment of operating in the
harsh space environment.

PROBA-V
SATELLITE

greensat

More efficient on-ground

data management by

optimizing the use and 2" life

of the data-servers, more

energy efficient cooling systems

and state-of-the art data storage
equipment will reduce the environ-
mental impact from energy consumption
and critical raw materials.

DATA PROCESSING IMPROVEMENTS

ESTIMATED IMPACT
I
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Reducing environmental impact of
space electronics design and
development

applied in other high-reliability
electronics, while meeting the
stringent requirement of operating

in the harsh space environment I

2022 CLEAN SPACE INDUSTRY DAYS — M. CAUWE - ESTEC, |1-14/10/2022 RESTRICTED




7=
(O]
(dp)
QO

Green-eSpace project overview
Objectives

= To foster the adoption of green electronics applications,
= To improve the environmental impact of space applications and
= To identify alternative materials, processes for the manufacturing and testing of space

electronic assemblies.
I LIFE CYCLE ASSESSMENT
General standards:
I1SO 14040/44

= Initial TRL: 2 E> Final TRL: 3 / LCA Framework (1SO) \ lPLEC?GhuaigszOk

Goal and « D

scope Direct applications:

definition

*  Product
l development &
[PE— =
improvement
Inventory ) . s Janni
5 Interpretation Strategic planning
analysis * Public policy making

*  Marketing

* Other

Impact
assessment Carbon footprint standards:
\ \ % 1SO 14067
PAS 2050
GHG Protocol Product Standard
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Green-eSpace project overview
Consortium
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Green-eSpace project overview
Project concept

Green solutions identification ] Roadmap &
& LCA optimization recommendations

A A

\—

Technology review
& hotspot analysis

A 4 |
Green PCB assembly
Design & Manufacturing
4,[ ’

Green PCB assembly

PCB-level evaluation

Green PCB assembly

Assembly evaluation
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Technology review and environmental LCA

Mapping of space electronics

packed IC PEA
ICTO 1
Meal

(PBA assy) moedulefequipment  {subjsystem
2 3 4 Sl6

wira‘solder scidar cannJsalder cable cadkeiwireless
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Baseline LCA
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Literature Workshop

| | 4

Eco-design options

sembly

-
xlex | 2
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o
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Trade-off selection
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Baseline LCA for current space electronics
Reference PBA — OHB pRTU Core Module

General standards:
1SO 14040/44
LCA Framework (ISO) ILCD handbook
PEF Guide
Goal and s N
scope — Direct applications:
definition
*  Product
I development &

| ) improvement
T;\:\ZTygizy == Interpretation * Strategic planning
*  Public policy making
¢ Marketing

I

Impact 5

assessment Carbon footprint standards:
X v IS0 14067
PAS 2050

GHG Protocol Product Standard

¢ Other

The reference PBA is manufactured with
qualified PCB / EEE parts / materials / processes
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Baseline LCA for current space electronics
Goal and scope definition

LCA Framework (1SO) = Overall goal
Goal and _f ) * reduce the environmental impact of the different levels of electronics
scope — ]
definition used in any type of spacecraft
|

= Specific goal
Inventory = Interpretation

analysis * compare the environmental impact of the reference PBA (baseline) to
N each of the selected eco-design option (at PBA level) to quantify the
mpact environmental impact reduction per eco-design option

assessment \ /
K j = Functional unit

= production, verification and validation of the Core Module of the
HURTU (reference PBA)

= System boundaries
= phases C&D
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Baseline LCA for current space electronics
Inventory analysis

/ LCA Framework (1SO) \

Goal and « N

scope P—

Materials Transport :
definition P materials Energy ‘/ Water v
[t I v
Inventory |

; l—21 Interpretation
el terpretatio

v
PCB& EEE s g
— v 4"/ Assembly processes pum——
aslst:;nt — Interconnection
k S y Materials

Waste, emissions & /
losses
Transport

Bmmmdudedw.;smws/
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Baseline LCA for current space electronics
Impact assessment - yuRTU production

o
S

Climate change
Ozone depletion
Human toxicity, cancer
Human toxicity, non-cancer
Photochemical ozone formation
Particular matter formation
Freshwater eutrophication...
Marine eutrophication
Metal resources depletion
lonising radiation
Freshwater ecotoxicity...
Marine aquatic ecotoxicity
Fossil resources depletion
Mineral resources depletion
Air acidification
Primary energy consumption
Gross water consumption
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Environmental profile uRTU production - Iteration 2

20%

40% 60% 80%

100%

T I
(ppe —  —  § W Hybrid
[ | O .
I mPCB
(PeeEm s 22202022 = ) PCB
1 Capacitors &
[ . | I
[ e | I I : EEE
m Diodes
s B
(ea—p— ] Microcircuits
HE I D
N B Other EEE
[ . | B
B Assembly processes
[ e I =
[ R ] | :
M Travel MIP Inspection
[ DGR S =
E B . m Verification & Validation
B
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Baseline LCA for current space electronics

Impact assessment - PCB & EEE Parts production and transport

Climate change

Ozone depletion

Human toxicity, cancer

Human toxicity, non-cancer
Photochemical ozone formation
Particular matter formation

Freshwater eutrophication...

Marine eutrophication

Metal resources depletion
lonising radiation

Freshwater ecotoxicity potential
Marine aquatic ecotoxicity
Fossil resources depletion
Mineral resources depletion

Air acidification

Primary energy consumption
Gross water consumption
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Environmental profile PCB & EEE production and transport - lteration 2

6 20% 40% 60%

80% 100%

B Resistors

HPCB

™ Capacitors

B Diodes
Microcircuits

M Hybrids

m Optoelectronic

m Connectors
Transistors

B Transformers

B Inductors
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Baseline LCA for current space electronics
Impact assessment - uRTU Assembly processes

Environmental profile uRTU assembly processes - Iteration 2

Climate change

Ozone depletion

Human toxicity, cancer

Human toxicity, non-cancer
Photochemical ozone formation
Particular matter formation

Freshwater eutrophication...

Marine eutrophication

Metal resources depletion
lonising radiation

Freshwater ecotoxicity potential
Marine aquatic ecotoxicity
Fossil resources depletion
Mineral resources depletion

Air acidification

Primary energy consumption
Gross water consumption

"umec “oHB >~ Vvito

0% 20% 40% 60% 80% 100%

M Drying
M Coating
B Vacuum Drying

m Paste Printing

s s o vy W Vapor Phase
T E  m Pick&Place
N

" De-golding
s . S m
e @ Cleaning
s S i

el B Glueing
I | _
| B Hand Soldering
L .
s S m W Pre-tinning
L T .
mamm g Other
M 1 mm
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Baseline LCA for current space electronics
Impact assessment - Verification & Validation

Environmental profile Verification & Validation - Iteration 2

0% 20% 40% 60% 80% 100%

Climate change

Ozone depletion

Human toxicity, cancer

Human toxicity, non-cancer

Photochemical ozone formation

Particular matter formation
Freshwater eutrophication...

Marine eutrophication

Metal resources depletion

lonising radiation

Freshwater ecotoxicity potential

Marine aquatic ecotoxicity

Fossil resources depletion

Mineral resources depletion

Air acidification

Primary energy consumption

Gross water consumption
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B Travel Customer
MIP Inspection

W Functional test

m Kip Inspection

B MIP Inspection

Test procedure
MIN/MAX temps
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Life cycle assessment of green electronics for space

Short-term eco-design options
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Solderable component

terminal finishes Fb, A
] " ) b
Enables i
solder mask Enables " ™
_ Lead-free soldering . I*‘w : Enables Enables CPA
car - CaR T <ra | 4 % = | Lead-free soldering Industry alignment
Enal;les Enables F—”ah!es L
Automaticwave & dogbone area Industry alignment _ Enables
| et acioere ey e Enables o Industry alignment .
CaRr Industry alignment a
8 w
-t PlasticIC | W
|. No more reflow SnPb finish requirement
imi i i H H R Al o " pb L Pb ™ . Cpay
Eliminate degolding/tinning of terminals e Less e || Evtecticlead Enables Enabies
CTE mismatch : free) balls (BGA) Lead-free soldering Industry alignment

mechanical load P

Enables
Industry alignment

Standardize the use of plastic IC packages

Lead-free solder as general purpose solder

Standardize the use of solder mask

o U h WD

Solderability requirements for component terminals
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Eco-design LCA for “greener” space electronics
Inventory analysis — updated LCA/LCI models developed

SnPh Leadiree SnPb > Leadfree saving
[Faterial sided por PBA | DeGoid [ PreTin] SMD | TH | Crean | DuGaia] FreTin | SHD | _TH | Ciean | Tetal | DeGed] FreTin | $MD | _TH | Ciean | Toul T e N T
Salder (/PBA) o [en] [Haa | o ] o [osr [ an [1a [ o T anr [ao0 Toas [oas | 000 | aat
Paa) ) sn (gim2) 144174) 19,6155 27,502|
Pb (gim2) 132168) 0,000 0,0000]
e g T | Au (gm2) 00000 08685 0,0000]
o s wasie PR o0 | 0 00 00 | s a0 000 | 000 [Sovent s evaporteds sieohel (VOCK watir (VOC ) o mix 0w VT, | Ni (g/m2) 0,0000]  18,4230] 0,0000|
LCA Framework (lso) Ganing mate (iPBA) Towo | oo o | s | e | o w0 | s 000 | 020 Cheaning sgerd whied vo chani ovdium | P gm) o000 o03r7% 20000
[Waste marer (VPBAT 205 P w5 | s 000 | 000 [5oivet (g A, preformuied seiven water +
[Remaved flux (5/PEA) 00 050 035 035 034 | 0.4 |Consained in the abave. Ag (g/m2) 0,0000| 10,0000 0,3540]
\ [ b vty 55 o0 o a0 000 | 600 [sae s evaporaet o (g2 00000 00000 504002
Goal and i e gaAT s war o 0| LA e i e s o e, o o i
sond wane 5P8A) BE 23 i i 000 | 00| Wipes comtarinsted wah sabverss, soder pasi, hex Solder mask (g/m2) 00000 9.30E+01
scope (__> S fuid s BT o [ 7l il 00 | @8 [Eapormes WASTE per m? PBA Reflow SnPb
Soider wirs (5/PBA) [ i s S48 000 | 1,87 _|Excess sckder trom sokder e, Enc up on s won spange et al waste water (m/md) 001 004
definition sttt pr 7 Pon | oo [P s | +n | oo | ot [ | o ey L - -
B o | war | nes [wsge| o | amar wn | o | aas 000 | sai flux waste (g/m’) 495,00 495,00
$ P iy [ o | 2 | 3a [asm0]  ow o o | mas | 3w [aem| o | e oil waste (g/m”) 1087,50|
v metal waste Sn strip (g/m’) 19,6155 19,6155
metal waste HASL (g/m?) 82915
Total chemical waste (g/m) 1352,00]  30410,90 16731,97
Inventory | . . . . il
. l—21 Interpretation ] ego N retl nnin Hydrochloric acid waste (g/) 135,20]
analy5|s Nitric acid waste (g/m) 352,40) 352,40
Acetic acid waste (g/m?) 232,48 232,48
Solder mask waste (g/m?) 181,31 181,31
i | | Lead _fre e as S e m b I Sodium Carbonate waste (g/m?) 136,26] 136,26
Phosphoric acid waste (g/m?) 18,96
Hydrogen peroxide waste (g/m?) 12,91
ImpaCt — n ' . Copper sulfate waste (g/m?) 16,13
assessment | urrace rinisn and solder mas Sufune scdvaste /) 153
\ / Hydrochloric acid waste (/m?) 722,80

= Plastic IC packages

M Modelling improvement scope

aterial added per Ceramic Area Array Package Plastic Area Array Package Delta
mmp-m:mh _ s.;mmc |cF- _ Tm::lnlh Tatal s..b:—.ne = Tm'::l‘nali Total = {Other ‘
echnolo ip-Chip Wire Band ] 5
e T I R Equipment) | Mechanics || Equipment
wbstrace [g]] 688675 wEaT | 10mTe 108 Gl Mechanics f
aumgl] 2722 2 | ogo0 1922 20,800 Au [me] B Comn
Wi gl 62808 GaBE | 4435 4434 | 184G N [me] BOM
W img| 030 0307 () [T 0303 W [mg] © Outof scope
Mo [mgl| 1120470 10470 | 0000 0000 |-1120.478| o (mg] Printed +  Under consideration
Cumgl] 000 0000 | 0000 | teos2l | 20515 | 0000 | 16153 | lalsae|cu (mel “"'m e et
Agtmgl| 0000 oo | oow 40 | oow 374 3.740|Ag tmg) -~
S0 (el s | aaw 7.265 593677 | 600942 | 3236935 (me] ‘Assembly * Main LCA rgets
P [mg) 2451522 | 2451522 54423 | 544238 |1907.285 P [me) Materials
A1 (gl 0000 a0 =) ©.000|Al (mg)
Undertil epoy [mal 300,000 300000 0,000 0000 | ~300,600|Underil spaxy [l
510, [mgl I [ amo 4528744 4528744 | 4528.744/510, [mg]
Undilled epasey [mg] 1 a0 256344 756344 | 256344 Unfilled eposy [mg]
Mad=S0 1 +epeay [g] 2000 4785 4785 4,785 | Mol (o]

_
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Eco-design LCA for “greener” space electronics
MRTU production with and without terminals degolding/pretinning

Environmental impact uRTU production - (no) degolding and pretinning

5

¢
g
e
g

90% 100%

o

Climate change

Ozone depletion

Human toxicity, cancer

Human toxicity, non-cancer
Photochemical ozone formation
Particular matter formation W Baseline
Freshwater eutrophication potential

Marine eutrophication

Metal resources depletion w No )
. . Degolding/

lonising radiation oo
Pretinning

Freshwater ecotoxicity potential
Marine aquatic ecotoxicity
Fossil resources depletion
Mineral resources depletion

Air acidification

Primary energy consumption

Gross water consumption
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Eco-design LCA for “greener” space electronics

MRTU production — SnPb versus Pb-free solder assembly

Climate change

Ozone depletion

Human toxicity, cancer

Human toxicity, non-cancer
Photochemical ozone formation
Particular matter formation
Freshwater eutrophication potential
Marine eutrophication

Metal resources depletion
lonising radiation

Freshwater ecotoxicity potential
Marine aquatic ecotoxicity

Fossil resources depletion
Mineral resources depletion

Air acidification

Primary energy consumption
Gross water consumption
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40%

Environmental impact uRTU production - leadfree solder assembly

2

80% 100%

M Baseline

M Leadfree
soldering
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Eco-design LCA for “greener” space electronics
MRTU production — SnPb versus Pb-free solder assembly

Environmental impact assembly processes - SnPb versus Pb-free solder - details

0% 20% 40% 60% 80% 100%
Baseline
Climate change free
Bag&afl;ne
Ozone depletion Ph-free
Baseline
Human toxicity, cancer b-free
Baseline .
Human toxicity, non-cancer Ph-free & Drying
Baseline )
Photochemical ozone formation Ph-free = De-golding
Baseline
Particular matter formation Pb'flree B Pre-tinning
Baseline
Freshwater eutrophication potential Po-free
i uSMD
Basefl:ne
Marine eutrophication ee
Baseline mTH
Metal resources depletion Ph-free
Baseline = Cleaning
lonising radiation Pb-free
Baseline H
- . |
Freshwater ecotoxicity potential Ph-free Glueing
Baseline .
Marine aquatic ecotoxicity Ph-free Coating
A . Baseline
Fossil resources depletion Pb-free Other
Baseline
Mineral resources depletion Ph-free
) . ) Baseline
Air acidification Pb-free
. . Baseline
Primary energy consumption Pb-free
Baseline
Gross water consumption Ph-free
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Eco-design LCA for “greener” space electronics
MRTU production — reflow SnPb versus ENIG surface finish + solder mask

Environmental impact uRTU production - ENIG surface finishe with solder mask

0

Climate change

Ozone depletion

Human toxicity, cancer

Human toxicity, non-cancer
Photochemical ozone formation
Particular matter formation
Freshwater eutrophication potential
Marine eutrophication

Metal resources depletion
lonising radiation

Freshwater ecotoxicity potential
Marine aquatic ecotoxicity

Fossil resources depletion
Mineral resources depletion

Air acidification

Primary energy consumption
Gross water consumption
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e

g

80% 100%

M Baseline

B ENIG
Surface
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Eco-design LCA for “greener” space electronics
MRTU production — ceramic IC packages versus plastic packages

Climate change

Ozone depletion

Human toxicity, cancer

Human toxicity, non-cancer
Photochemical ozone formation
Particular matter formation
Freshwater eutrophication potential
Marine eutrophication

Metal resources depletion
lonising radiation

Freshwater ecotoxicity potential
Marine aquatic ecotoxicity
Fossil resources depletion
Mineral resources depletion

Air acidification

Primary energy consumption
Gross water consumption
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Environmental impact uRTU production - plastic IC packages

g
g

100%

m Baseline

M Plastic
packages
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Eco-design LCA for “greener” space electronics
Conclusion and lessons learnt

= Parametric LCl approach leads to significant improvements for more accurately quantifying
the environmental impact of the chosen reference PBA
= Except for two environmental impact categories, the impact of the reference PBA was overestimated
with the |*t iteration
= Eliminating degolding and pretinning as well as the use of plastic IC packages is benéeficial to
reduce the overall environmental impact of the uyRTU production

* Lead-free solder assembly as well as using the ENIG surface finish in combination with a
solder mask leads to an increased environmental impact

* These eco-design options enable secondary improvements in environmental impact for PCB
production steps as well as in assembly

* The final LCA iteration will evaluate the actual mitigation potential of all selected eco-design options when
all integrated in a same record
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unec “oHB y o vito 21 2022 CLEAN SPACE INDUSTRY DAYS — M. CAUWE — ESTEC, | 1-14/10/2022 RESTRICTED



P Y
o
7
0

LCA model improvement
Parametric modeling

. W
= Use parametric LCl approach to calculate el
- Manufactured
mass and energy flows Input Manufacturing System Element mj,q
= OQutput: materials added or removed, energy, (pr;tzr:;:s;‘ed) n P::cl’;j:s Waste & loss m__

Air, water, chemical, solid

water, auxiliary materials, waste produced

* Input: PCB materials and size, PCB build-up and Q:g:a?s’
design, PBA Bill-of-Materials, assembly flow... Masx
Solderable finish per m? of PCB
) ; SOLDER MASK| Clean Deposit Cure Image Develop [Final Cure| Total
PCB Ac, . (m?) 02 PCBA, . (%)| 20

PCBAc, , ()| 012 PCBAc, , (%) 12 ' (waste) water (m*/m?) 0,00 0,00 0,00

# PCB/panel 3
Solder Mask? Yes

PCB Anosm ¢ (M| 0,0003 PCB Anosm « (%) 0,03 -
PCB Anosm » ()| 00002 | PCB Agosm 5 (%)| 0,02 FTE/m” (min)
PCB Agin (M%) 0,0005 PCB A (%)| 0,05

chemical waste (g/m?)

energy (Wh/m?)

" Process data collected from space-qualified PCB manufactures and assembly houses
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LCA model improvement
Scope within Green-eSpace project

BGA

E@

Solder balls| |Interposer|

Mold Compound Die Gold Wire

Leadframe  Silver Epoxy Die Pad

(Sub)SYSTEM

{Electronic []

Equipment}

A

f

Cabling

{Electronic []

Box}

Cabling

Component

h
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Cabling

dcesa

Under consideration

Partially covered
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LCA model improvement
LCl model for component packaging

\\\\u\

¢-esa

Leadframe packages

_ Terminal
IC production Ic attachmeﬁt
Substrate
production |
-~ H-
. . Leadframe CERQUAD
Area Array Devices brazing
. I 7 Wirebond % R &
. _— i — a >
IC production Ic IC production Ic 3 P =
IC to substrate ) o TR -
connection ) v i Exﬂl“?;z | o
i P - BICHE
— (2 options) leadframe Eoo, wa : -
Substrate production : g; é} ; § Mold Compound  Die Gokd Wire
production Molding " > Molding > PaFp
optional for LN i 8
| FCBGA J : Leadtrame  SiverEpoxy  DiePad
Terminal » z
T ——————
atfachment UU‘EUGUUUUDﬂDU’JUEUUU‘
v —— et vt [S———
O i B i ey
Capping
optional for
8GR package sldeview FCBGA
Die  Bonding wire
Sﬁl!el balls Interposer
: <o
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LCA model improvement

. C mpti
PCB manufacturing onsumption

Base laminate Output
\ 2
Energy, water Waste Energy, water Waste
Inner layer processing Metallization @ Copper
Prepreg Energy, water . . Waste Energy, water . Waste
_ Lamination Patterning
Cu foil
Energy, water Waste Energy, water Waste Surface finish
Drilling Finishing @ Solder mask

Silk screen

¥
| m? of PCB
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LCA model improvement (o) ' C
LCl model for PCB assembly
PREPARATION >

Degolding/pretinning

| Manually insert TH

\
CSMD BOTTOM ASSEM BLY) Manually solder TH leads

Stencil Printing B
|

Last TH component?

SMD placement B
|

Vapor Phase reflow B

| CLEAN PBA
C SMD TOP ASSEMBLY ) MECHANICAL ASSEMBLY 1
[
| TEST & repair
Stencil Printing T |
| MECHANICAL ASSEMBLY 2
SMD placement T '

I Final Inspection
Vapor Phase reflow T ‘

* C Pack & Deliver )
"imec “oHB >~ vito
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From LCA-based eco-design...

LCI

Materials
Water
Energy
Waste

mpact
category

Unit LCIA method—ESA LCA 2

LCIA method—ESA LCA 2021

Global warming potential

Baseline model of 100 v CC

kg COyeq | 005 (GWP100)

EF 3.0 method (adapted). based on 100 yeary
[PCC 2013

kg CEC- EF 3.0 method (adapted). based on WM
Ozone depletion potential Steady-state ODPs 199 'e 2008
lleq - 2014 + inteprations
‘Human toxicity potential, J— USEtox model v1 ( al. 2008) - |USEtox 2 (recommended only) V1.00
cancer effects Comparative Toxic ans
Human toxicity potential, CTUR USEtox model v1 (| et al, 2008) - [USEtox 2 (recommended only) V1.00
non-cancer effects Comparative Toxic Unt imans
B i ke ReCiPe 2008 ReCiPe 2008
formation potential NMVOC
Particulate matter formation kg PM25-
ReCigm2008 ReCiPe 2008
potential 2q. — .
Freshwater eutrophication ) A )
kg Peg. ReCi] 008 ReCiPe 2008
potential
Marine Eutrophication - ] ‘
: kgNeq ReCiPe 2008 ReCiPe 2008
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