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Outline
ƴDecarbonization
ƴThe Elephant in the Room
ƴMulti-Objective Optimization
ƴCircular Economy Compatibility

Acknowledgment: 
Franz Musil, Fronius International GmbH
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The U.N. 

ƴ#7 т  љ ŉŉŸƖĬċĤũĲШċŰĬШĦũĲċŰШĲŰĲƖŊǃњШоШмΝΞШт љÅĲƚƓŸŰƚŔĤũĲШĦŸŰƚƨůƓƣŔŸŰШċŰĬШƓƖŸĬƨĦƣŔŸŰњШоШв

Source: https://www.un.org/sustainabledevelopment 

https://www.un.org/sustainabledevelopment
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The Challenge
ƴFossil fuels facilitate rapid economic growth and development

ƴAnthropogenic greenhouse gas emissions cause climate change / global warming

ÉŸƨƖĦĲаШfÂ99ЯШљ9ũŔůċƣĲШ9őċŰŊĲШΞΜΞΝаШÑőĲШÂőǃƚŔĦċũШÉĦŔĲŰĦĲШ7ċƚŔƚЯњШÉƨůůċƖǃШŉŸƖШÂŸũŔĦǃůċťĲƖƚЯШΞΜΞΝЮ

(!)

(!)
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Decarbonization / Defossilization
ƴ+2 °C target by 2100: Globally, 30% of oil, 50% of gas, and > 80% of coal reserves must remain unused (!)
ƴ ůĤŔƣŔŸƨƚШƓċƣőƽċǃШƣŸШљŰĲƣ-zero CO2 ĲůŔƚƚŔŸŰƚШĤǃШΞΜΡΜњШĄ Temperature overshoot!

Human history: Transition from lower to higher energy density fuel у Wood Ą Coal Ą Oil & Gas 
Challenge of stepping back from oil & gas quickly / 9ċŰќƣШƽċŔƣШŉŸƖШĬŔƚƖƨƓƣŔƻĲШƣĲĦőŰŸũŸŊŔĲƚШоШƓċŰċĦĲċг

Data source: McGlade& Ekins, nature, 2015.
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The Opportunity
ƴGlobal distribution of solar & wind resources

Source: R. Perez et al., IEA SHC Program Solar Update (2009)

(2009) 16 TW-yr 27 TW-yr (2050)

100% convers. eff.
Excl. oceans

Note: Graphical 
representation assumes 
spheres, not circles

Primary consumption:
16 TWyr Ą 27 TWyr
Final consumption:
11 TWyr Ą 15 TWyr
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The Approach
ƴOutlook of global cumulative installations until 2050
ƴIn 2050 deployment of 370 GW/yr (PV) and 200 GW/yr (onshore wind) incl. replacements

Source: IRENA, Future of Wind / Future of Solar PV (2019)

ƴDominant share of electric energy у Power electronics as key enabling technology (!)

1000 GW

5000 GW

8500 GW
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Remark: Cost of the Clean Energy Transition
ƴTotal annual spending for net-zero until 2050: 3.5 TUSD ыΟЮΡШҶΝΜ12 USD) / Total 110 TUSD until 2050

ƴPerspectives:

Source: https://decarbonization.visualcapitalist.com/breaking-down-the-cost-of-clean-energy-transition/  based on data from the Energy Transition Commission.

3.5 TUSD are 12% of the U.S. GDP (2024) or 3% of the world GDP
World defense expenditures 2023 were 2.4 TUSD

https://decarbonization.visualcapitalist.com/breaking-down-the-cost-of-clean-energy-transition/
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Source: www.e-waste-
recyclers.co.in   

The                       in the Room

ƴΡќΜΜΜШGWeq ӀШΡќΜΜΜќΜΜΜќΜΜΜШkWeq of e-waste per year (!)
ƴΝΜќΜΜΜќΜΜΜќΜΜΜШҘШof potential value

ƴΞΡќΜΜΜШ]ìШinstalled renewable generation in 2050
ƴΝΡќΜΜΜШ]ìőШinstalled battery storage

ƴ4 x power electronic conversion btw. generation & load
ƴΝΜΜќΜΜΜШ]ìШof installed converter power
ƴ20 years of useful life

Source: D. Boroyevich (2010)
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Growth of Global E-Waste (1)

ƴGrowing global e-waste streams / < 20% recycling!
ƴΝΞΜќΜΜΜќΜΜΜШƣŸŰƚШŸŉШŊũŸĤċũШĲ-waste in 2050

ƴE-waste represents an љƨƖĤċŰШůŔŰĲњШwith great economic potential

Data source: The global 
e-waste monitor 2020

Source: Library of Parliament, Canada, 2019

Global, 2019

ΡΡШ~ƣШыгьШӇШΡќΡΜΜШǂШ
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Growth of Global E-Waste (2)

ƴGrowing global e-waste streams Ą 1ΞΜќΜΜΜќΜΜΜШƣŸŰƚШŸŉШŊũŸĤċũШĲ-waste in 2050
ƴIncreasingly complex constructions Ą Little repair or recycling

ƴGrowing global e-waste streams Ą Regulations mandatory (!)

Source:  

Source:  
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Remark: Critical Minerals

ƴProduction of selected minerals critical for the clean energy transition

ƴExtraction & processing more geographically concentrated than for oil & gas (!)

Source: IEA / The Role of Critical Minerals in Clean Energy Transitions (2021)
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The Paradigm Shift
ƴLinear Economy

Take т make т dispose 

Resources returned into the product cycle at end of life

ƴCircular Economy
Perpetual flow of resources



15

Remark: Policymaking / Regulations / Standardization

ƴEuropean Green Deal
Circular Economy Action Plan
Net-Zero Industry Act
Critical Raw Materials Act
Environmental Footprint Methods
Right to Repair
Ecodesign for Sustainable Products Regulation
в

ƴStandardization (Examples)
ISO 14040/14044 Life-cycle assessment
ISO 14067 Carbon footprint of products
ISO 4555x Ecodesign and material efficiency
IEC 62430 Environmentally conscious design for el. & electron. products
IEC 61800-9-1/2 Ecodesign for drive systems
в
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Complexity Challenge

ƴTechnological innovation у Increasing level of complexity & diversity of modern products
ƴExponentially accelerating technological advancement (R. Kurzweil) 

ƴUltra-compact systems / functional integration у Major obstacle for material separation!? 

Source: H. Ehlhardt, 2017, www.productevolution.org
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Design for Repairability & Circularity

ƴEco-design у Reduce environmental impact of products, incl. life-cycle energy consumption
ƴRe-pair / Re-use / Re-cycle / disassembly / sorting & max. material recovery, etc. considered
ƴEU eco-design directive (!)

ƴ                            у Modular design / man. replaceable parts / 100% recycl. of sold products / fairtrade materials
ƴљΥΜӖШŸŉШĲŰƻŔƖŸŰůĲŰƣċũШŔůƓċĦƣШof products are locked-ŔŰШċƣШƣőĲШĬĲƚŔŊŰШƚƣċŊĲњШу 

Source: https://de.ifixit.com/

Source: 
www.ligman.com/  

Source: 

J. Thackara, In the bubble: Designing in a complex 
world. Cambridge, MA, USA: The MIT Press, 2006. 
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LCA: Life Cycle Assessment (1)
ƴQuantification / benchmarking of eco-design & circular economy approaches

ƴScope of LCA can include 
All life-cycle phases (cradle to grave) or
Individual life-cycle phases (cradle to gate or gate to gate)

fůċŊĲШƚŸƨƖĦĲаШÉfE~E ÉШ ]ЯШљEcodesignаШ~ƨũƣŔƓũǃŔŰŊШŔůƓċĦƣЯШƚőċƓŔŰŊШƣőĲШƽŸƖũĬЮњШΞΜΞΟЮ
https://assets.new.siemens.com/siemens/assets/api/uuid:f7d929ad-971f-44df-ac51-7783cc28dac7/Ecodesign-WP.pdf 

https://assets.new.siemens.com/siemens/assets/api/uuid:f7d929ad-971f-44df-ac51-7783cc28dac7/Ecodesign-WP.pdf
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LCA: Life Cycle Assessment (2)
ƴQuantification / benchmarking of eco-design & circular economy approaches

ÉŸƨƖĦĲаШ~ЮШ?ċůŔċŰŔЯШ ЮШ[ĲƖƖċƖċЯШċŰĬШ[ЮШ ƖĬĲŰƣĲЯШљÖŰĬĲƖƚƣċŰĬŔŰŊШƓƖŸĬƨĦƣШĲŰƻŔƖŸŰůĲŰƣċũШŉŸŸƣƓƖŔŰƣШċŰĬШorganisation ĲŰƻŔƖŸŰůĲŰƣċũШŉŸŸƣƓƖŔŰƣШůĲƣőŸĬƚЯњШ
Publications Office of the European Union, Luxemburg, JRC129907, 2022. https://data.europa.eu/doi/10.2760/11564 

1 2 3

4
LCI т Life Cycle Inventory
Compilation & quantification of 
inputs and outputs for a product 
throughout its life cycle

2 LCIA т Life Cycle Impact Assessment
Assignment of LCI results to 
(environmental) impact categories / 
Aggregation involves weighting 
factors & value choices

3

https://data.europa.eu/doi/10.2760/11564
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LCA Example: Carbon Footprint of a 150-kW PV Inverter

ƴProduction phase / embodied carbon footprint of 903 kg CO2eq ыΝΡвΞΜӖШŸŉШũŔŉĲ-cycle carbon footprint)
ƴUse phase contributes >80% to life-cycle carbon footprint (conversion losses & standby/night consumption)

ƴ150 kW rated power for typ. 225 kWp PV system

ÉŸƨƖĦĲаШÉ~ ШÉŸũċƖШÑĲĦőŰŸũŸŊǃШ ]ЯШљÉƨŰŰǃШHighpower PEAK3 life cycle assessmnet ыx9 ьЯњШΞΜΞΟЮШhttps://files.sma.de/assets/280662.pdf 

Embodied Carbon Footprint

https://files.sma.de/assets/280662.pdf
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LCA Example: Carbon Footprint of a 150-kW PV Inverter

ƴProduction phase / embodied carbon footprint of 903 kg CO2eq ыΝΡвΞΜӖШŸŉШũŔŉĲ-cycle carbon footprint)
ƴUse phase contributes >80% to life-cycle carbon footprint (conversion losses & standby/night consumption)

ƴSmall / lightweight components with large contributions to carbon footprint (!)

ÉŸƨƖĦĲаШÉ~ ШÉŸũċƖШÑĲĦőŰŸũŸŊǃШ ]ЯШљÉƨŰŰǃШHighpower ÂE uΟШũŔŉĲШĦǃĦũĲШċƚƚĲƚƚůĲŰƣШыx9 ьЯњШΞΜΞΟЮШhttps://files.sma.de/assets/280662.pdf 

Mass Embodied Carbon Footprint

PCBs 23.8% ICs 8.6% (!)(!)

PCBs 2.2%

ICs 0.1%

w/o components

https://files.sma.de/assets/280662.pdf
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Carbon Footprint is Not Enough!
ƴLife cycle impact assessment (LCIA) phase of LCA у Environmental profile w. wide range of perf. indicators

ƴExample: ReCiPe 2016
Three areas of protection / endpoint categories
 
Human Health 
Damage to Human Health (DHH)
in Disability-Adjusted Loss of Life Years (DALY)

Ecosystem Quality 
Damage to ecosystem quality (DESQ)
in Time-Integrated Species Loss (ƚƓĲĦŔĲƚҶǃƖ)

Resource Scarcity 
Damage to resource availability (DRA)
in surplus cost / dollars ($)

ƴValue choices (individualist / hierarchist / egalitarian) affect time horizon, included effects, etc.
ƴAlternative frameworks like EU Environmental Footprint (EF 3.1) exist

Source: Huijbregtset al., ReCiPe2016 v1.1 Report
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LCA Example: 150-kW EV Drive Inverter (1)
ƴ150-ťìШŔŰƻĲƖƣĲƖЯШΠΡΜШéШ?9ШĤƨƚШΝΡШǃĲċƖƚШоШΝΜќΜΜΜШŸƓĲƖċƣŔŰŊШőŸƨƖƚШ

w. avg. 97% efficiency (WLTP driving cycle)

ƴ16 Impact categories: EU Product Environmental Footprint (PEF)
ҍGWP: Climate change (carbon footprint)
ҍMRD: Resource use, minerals and metals,
ҍв

ƴProduction and use phase dominate all indicators

Source: B. Baudais, H. Ben Ahmed, G. Jodin, N. DegrenneЯШċŰĬШÉЮШxĲŉĲĤƻƖĲЯШљxŔŉĲШĦǃĦũĲШċƚƚĲƚƚůĲŰƣШŸŉШċШ
ΝΡΜШťìШĲũĲĦƣƖŸŰŔĦШƓŸƽĲƖШŔŰƻĲƖƣĲƖЯњШEnergies, vol. 16, no. 5, Art. no. 5, Jan. 2023, doi: 10.3390/en16052192.
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LCA Example: 150-kW EV Drive Inverter (2)
ƴ150-ťìШŔŰƻĲƖƣĲƖЯШΠΡΜШéШ?9ШĤƨƚШΝΡШǃĲċƖƚШоШΝΜќΜΜΜШŸƓĲƖċƣŔŰŊШőŸƨƖƚШ

w. avg. 97% efficiency (WLTP driving cycle)

ƴ16 Impact categories: EU Product Environmental Footprint (PEF)
ҍGWP: Climate change (carbon footprint)
ҍMRD: Resource use, minerals and metals
ҍв

ƴDetailed breakdown of component contributions to prod. phase

Source: B. Baudais, H. Ben Ahmed, G. Jodin, N. DegrenneЯШċŰĬШÉЮШxĲŉĲĤƻƖĲЯШљxŔŉĲШĦǃĦũĲШċƚƚĲƚƚůĲŰƣШŸŉШċШ
ΝΡΜШťìШĲũĲĦƣƖŸŰŔĦШƓŸƽĲƖШŔŰƻĲƖƣĲƖЯњШEnergies, vol. 16, no. 5, Art. no. 5, Jan. 2023, doi: 10.3390/en16052192.
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New Holistic Design Procedure
Multi-Objective Optimization with Environmental Impacts as New Performance Indicators
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System Design Challenge

ƴMutual coupling of performance indicators Ą Trade-off analysis!

ƴFor optimized systems, it is not possible to improve several perf. indicators simultaneously

Use-phase
environmental
impact

Embodied
environmental
impact

Lifetime /
Replacements

ÉŸƨƖĦĲаШsЮШìЮШuŸũċƖЯШ[ЮШuƖŔƚůĲƖЯШcЮШÂЮШ ĲĲЯШљìőċƣШċƖĲШƣőĲШѢ7ŔŊШ9c xxE ]EÉѢШŔŰШÂŸƽĲƖШEũĲĦƣƖŸŰŔĦƚеЯњШPresentation 
at the 8th Int. Conf. Integr. Power Electron. Syst. (CIPS), Nuremberg, Germany, Feb. 2014. .



27

Abstraction of Power Converter Design

ƴConverter Design: Mapping of 
multi -dimensional design space into a 
multi -dimensional performance space

Performance space

Design space

Source: J. W. Kolar, J. Biela, S. Waffler, T. Friedli, and U. BadstuebnerЯШљÂĲƖŉŸƖůċŰĦĲШƣƖĲŰĬƚШċŰĬШũŔůŔƣċƣŔŸŰƚШŸŉШƓŸƽĲƖШ
ĲũĲĦƣƖŸŰŔĦШƚǃƚƣĲůƚЯњШŔŰШProc. 6th Int. Integr. Power Electron. Systems Conf. (CIPS), Nuremberg, Mar. 2010.
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Modeling of Converter Designs

ƴSystem/circuit & component models
ƴIteration over all combinations of design degrees of freedom 

Source: J. W. Kolar, J. Biela, S. Waffler, T. Friedli, and U. BadstuebnerЯШљÂĲƖŉŸƖůċŰĦĲШƣƖĲŰĬƚШċŰĬШũŔůŔƣċƣŔŸŰƚШŸŉШƓŸƽĲƖШ
ĲũĲĦƣƖŸŰŔĦШƚǃƚƣĲůƚЯњШŔŰШProc. 6th Int. Integr. Power Electron. Systems Conf. (CIPS), Nuremberg, Mar. 2010.
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Multi-Objective Optimization of Converter Designs

ƴPareto front: Boundary of the feasible performance space
ƴMission profiles: Power loss Ą Energy loss / Life-cycle cost (!)

ÉŸƨƖĦĲаШÅЮШ~ЮШ7ƨƖťċƖƣШċŰĬШsЮШìЮШuŸũċƖЯШљComparativelife cyclecostanalysisof Si and SiC PV convertersystemsbasedon advanced
-͎ -͚͘ШmultiobjectiveoptimizationtechniquesЯњШIEEE Trans. Power Electron., vol. 32, no. 6, pp. 4344т4358, Jun. 2017.

ƴTypically considered performance indices:

ů

͔ Efficiency in %
͞ Volumetricpower densityin kW/dm3

͐ Gravimetricpower densityin kW/kg
͠ Cost densityŔŰШìоқ
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Design Space Diversity

ƴVery different design space coordinates map to very similar performance space coordinates

Example: Google Littlebox design optimization w. PWM operation / Mutual comp. of HF and LF loss contrib.

Source: J. W. Kolar, D. Neumayr, D. Bortis, M. Guacci, and J. ǍƨƖǍċШ ŰĬĲƖƚŸŰЯШљ]ŸŸŊũĲШxŔƣƣũĲ-Box 
ÅĲũŸċĬĲĬЯњ Keynote at the 10th Int. Conf. Integr. Power Electron. (CIPS), Stuttgart, Germany, Mar. 2018.

(!)
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Design Space Diversity: 3L & 7L PV Inverters
ƴTwo concepts / similar specs у ΝΞЮΡШťìЯШΣΡΜвΤΞΜШéШ?9ЯШ9fÉÂÅШΝΝШ9ũċƚƚШ Шу  Similar perf. (͔ CEC= 99.1%)

ƴDifferences in environmental impact?

99.4%
99.35%

7-Level All-Si HANPC PV Inverter
99.35%, 3.4 kW/dm3

3-Level All-SiC T-Type PV Inverter
99.4%, 2.4 kW/dm3

Source: J. A. Anderson, D. Marciano, J. Huber, G. Deboy, G. BusattoЯШċŰĬШsЮШìЮШuŸũċƖЯШљ ũũ-SiC 99.4%-efficient three-phase T-type
inverter with DC-side common-ůŸĬĲШŉŔũƣĲƖЯњШEũĲĦƣƖŸŰЮШxĲƣƣЮЯШƻŸũЮШΡΦЯШŰŸЮШΝΞЯШƓЮШĲΝΞΥΞΝЯШΞΜΞΟЯШdoi: 10.1049/ell2.12821.
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A Posteriori  LCA of 3L & 7L PV Inverters (1)
ƴTwo concepts / similar specs у ΝΞЮΡШťìЯШΣΡΜвΤΞΜШéШ?9ЯШ9fÉÂÅШΝΝШ9ũċƚƚШ Шу  Similar perf. (͔ CEC= 99.1%)

ƴGeneric comp. models / ecoinvent database & lit. Ą Widely varying embodied carbon footprint (GWP) res. (!) 
ƴData availability / quality as key challenge!

2.4 kW/dm3, 11.8 kg 3.4 kW/dm3, 4.6 kg

(!)

(!)

GWP: Global Warming Potential
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A Posteriori  LCA of 3L & 7L PV Inverters (2)
ƴTwo concepts / similar specs у ΝΞЮΡШťìЯШΣΡΜвΤΞΜШéШ?9ЯШ9fÉÂÅШΝΝШ9ũċƚƚШ Шу  Similar perf. (͔ CEC= 99.1%)
ƴLife Cycle Impact Assessment (LCIA) w. ReCiPeframework:

Damage to ecosystems (DESQ) | Damage to human health (DHH) | Damage to resource availability (DRA)

ƴEnvironmental footprint ŸŉШĦŸŰƻĲƖƣĲƖШċƚШċŊŊƖĲŊċƣĲШŸŉШĦŸůƓŸŰĲŰƣƚќШĲŰƻŔƖŸŰůĲŰƣċũШŉŸŸƣƓƖŔŰƣƚ

Normalized scales due to ecoinvent licensing restrictions.

Generic Comp. Mod.
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A Priori Consideration of Environmental Impacts in the Design Process?
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A Priori LCA Example: 10-kW Three-Phase AC-DC PEBB

ƴKey power electronic building block (PEBB) for three-phase PFC rectifiers & inverters

ƴDegrees of freedom:

10 kW / 400 V ac / 800 V dc

ƴAssumptions:ҍÉƽŔƣĦőŔŰŊШŉƖĲƕЮШяΞΡвΤΜΜШťcǍѐ
ҍÅĲũЮШfŰĬЮШÂĲċťШĦƨƖЮШƖŔƓƓũĲШяΜЮΞΡвΝЮΡѐ
ҍVar. transistor chip area
ҍVariable ind. size (N87; solid/litz)

ҍJunction temp. @ 120 °C
ҍAmbient temp. 40 °C
ҍNecessary heat sink vol. via 

CSPI = 25 W/(K dm3)
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Multi-Objective Optimization Including Env. Impacts (1)
ƴTrade-Offs
ҍEfficiency vs. power density
ҍEfficiency vs. environmental 

compatibility regarding 
embodied GWP (carbon 
footprint)

ƴEnv. Impacts with high 
uncertainties due to data 
availability/quality

(!)
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Multi-Objective Optimization Including Env. Impacts (2)
ƴTrade-Offs
ҍEfficiency vs. power density
ҍEfficiency vs. environmental 

compatibility regarding 
embodied GWP (carbon 
footprint)

ƴEnv. Impacts with high 
uncertainties due to data 
availability/quality

(!)


