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ƴGlobal Context and Challenges
ƴPower Electronics 4.0: Do More with Less
ƴPower Electronics 5.0: Zero Waste
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The Challenge: Energy Additions
ƴTechnological / economic advances linked to exponential increase of fossil fuel consumption
ƴ9ŸŰƣŔŰƨŸƨƚШљEŰĲƖŊǃШ ĬĬŔƣŔŸŰњШу Increasing share of higher energy density fuels уìŸŸĬШӛШ9ŸċũШӛШ§ŔũШѼШ]ċƚШ

ƴ2024 % of global CO2 emissions / % global population у China  32%/18%| USA  13%/4% | India  8%/18% 
ƴPoorest countries contributed least to historic CO2 emissions / climate change BUT are most vulnerable to impacts

Ą

10 Tons/
Capita

ΝΣΜќΜΜΜШÑìő
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The Challenge: Global Warming
ƴCombustion of fossil fuels тIncreasing atmospheric CO2 concentration / +50% since industrial revolution 
ƴ]ƖċĬƨċũШŔŰĦƖĲċƚĲШŸŉШƣƖŸƓŸƚƓőĲƖŔĦШƣĲůƓĲƖċƣƨƖĲШĤǃШШӇШҼΝШ°C  since 1960 

ƴDifferent warming rates for different regions / Land is warming faster than oceans (+0.8 °C) 
ƴDue to climate system feedback loops: Arctic oceanshows highest warming / +4°C  since 1960 (!)

aŀǇ ƻŦ ǘŜƳǇŜǊŀǘǳǊŜ ŎƘŀƴƎŜǎ όмфсмςнлмфύ

ȹ=0ÁC

Change in Global Surface Temperature

https://factsonclimate.org/assets/generated/map-temperature-change_6000.png
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The Opportunity

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 TWyrĄ 27 TWyr
Final consumption:
11 TWyrĄ 15 TWyr

ƴOutlook of global cumulative install. until 2050
In 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)

1000 GW

5000 GW

8500 GW

ƴChallenges
Energy storage (short-term, seasonal)
Long-distance electricity transmission
Sector coupling / Power-to-X
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Multi-Carrier Energy Society
ƴCO2-free electricity / electrification уViable pathway for reducing emissions & costs (long term)
ƴE-Fuels & P2X  for long-haul transport / aviation / etc.  &  Short-term / seasonal storage 

ƴIntegrated net-zero multi-carrier energy system уE-Energy | Heat & Cold | etc. | Storage | CO2 C&S
ƴMissing multi-discipl. research on cross-sector converters / Technologies / Geogr. diversity / Economics etc. 

27% of Difficult-to-
Eliminate Emissions

S.J. Davis et al. 
(2018)



7

New Power Electronics Application Areas
ƴHard-to-Abate Sectors тÑőĲШљcŸƖƚĲůċŰШŸŉШƣőĲШ9ũŔůċƣĲШ ƓŸĦċũǃƓƚĲњаШ25% of global CO2 emissions
ƴSteel, cement, chemicals, long-haul transportation, etc. / High projected demand increase

ƴHighly interdisciplinary  BUT  fascinating opportunities for future power electronics applications (!) 
ƴHigh-eff./high-dyn. chemistry уPlasma techn., microwave reactors, pulsed power, cryogenics, etc. 

https://u.ethz.ch/NiKp2

https://u.ethz.ch/NiKp2


8

Constraint: Energy Return on Energy Invested (EROI)
ƴEnergy supply must provide sufficient energy surplusafter accounting for own energy requirements
ƴEnergy invested for production / transformation / transportation тEnergy Cost of Energy 

ƴљÂǃƖċůŔĬƚШŸŉШEŰĲƖŊǃШ ĲĲĬƚњШуHigher EROI enable medical care/education/technology innovation/art, etc. 
ƴÑőĲШљ ĲƣШEŰĲƖŊǃШ9ũŔŉŉњШШindicates the minimum EÅ§fШӀШΡвΝΜШrequired for maintain. complex industrial society 

ὉὙὕὍ
%ÎÅÒÇÙ /ÂÔÁÉÎÅÄ

%ÎÅÒÇÙ 2ÅÑÕÉÒÅÄ ÔÏ /ÂÔÁÉÎ ÔÈÁÔ %ÎÅÒÇÙ

Ὁ

Ὁ
Ὁ ἚἭἼ ἏἶἭἺἯὁὉẗρ

ρ

ὉὙὕὍ

EROI = 5:1 = 5 EROI = 5:4 = 1.25
5

1.25
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љÂĲċťШ~ŔŰĲƖċũƚо~ĲƣċũƚњШŸŉШ Ĳƣ-Zero Scenarios 
ƴMinerals/metals-intensive clean energy transition will potentially face supply deficits
ƴMeeting the 2030 EV battery demand: 50 New lithium / 60 nickel / 17 cobalt mines

ƴMajor Copper discoveries become rarer and progressively deeper / Declining ore body grades 
ƴHigher energy effort for extraction/grinding per unit metal / Higher production costs 

Caterpillar 797F у350 tons payload / 3 MW   

https://substackcdn.com/image/fetch/f_auto,q_auto:good,fl_progressive:steep/https%3A%2F%2Fsubstack-post-media.s3.amazonaws.com%2Fpublic%2Fimages%2Fe6e39a19-a4e0-4084-84e9-992233760ebd_1600x1164.png
https://substackcdn.com/image/fetch/f_auto,q_auto:good,fl_progressive:steep/https%3A%2F%2Fsubstack-post-media.s3.amazonaws.com%2Fpublic%2Fimages%2Fe6e39a19-a4e0-4084-84e9-992233760ebd_1600x1164.png
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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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Power Electronics 4.0
љ?ŸШ~ŸƖĲШƽŔƣőШxĲƚƚњ
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ÂŸƽĲƖШEũĲĦƣƖŸŰŔĦƚШΠЮΜаШљ?ŸШ~ŸƖĲШƽŔƣőШxĲƚƚњ
ƴÑŸĬċǃќƚШƓŸƽĲƖШĲũĲĦƣƖŸŰŔĦƚШŔŰŰŸƻċƣŔŸŰШĤċƚŔĦċũũǃШĦŸŰƣƖŔĤƨƣĲƚШƣŸШũŸƽĲƖШĲŰƻŔƖŸŰůĲŰƣċũШŔůƓċĦƣ

ƴNew set of KPIs mandatory to meet future environmental protection objectives

Power Density ĄRed. of resources
Efficiency ĄRed. of energy use
Robustness Ą Increased lifetime
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Copper Use in EVs

ƴCu used for traction motors, energy storage, power electronics, HV & LV, etc.
ƴICE (2023) у29.5 kg |  BEV Robotaxiin 2034 у73 kg  (7.8 kg motor & power electronics) 

ƴTransition Si IGBTs ĄSiC MOSFETs уΞΡвΟΜӖШ?ĲĦƖĲċƚĲШŸŉШ9ƨШŔŰƣĲŰƚŔƣǃШŔŰШƣőĲШƓŸƽĲƖШĲũĲĦƣƖŸŰŔĦƚШ
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Solid-State Transformers for MVac-LVdcConvers.
ƴThree-phase ac-dc 1.2 MW fully-modular solid-state transformers (SST) with HF-isol. stages 
ƴComparative evaluation vs. conventional realization т50 Hz transformer (LFT) & LV ac-dc converter

ƴLower raw material effort / Lower impact of increasing raw material costs  /  Lower carbon footprint

Copper Price

LV Power Electron. 
Learning Curve

ÉŸƨƖĦĲаШxЮШfůƓĲƖŔċũŔЯШÅЮШìċŰŊЯШ ЮШ ŰƨƖċŊЯШÂЮШ7ċƖĤŸƚċЯШsЮШìЮШuŸũċƖЯШċŰĬШsЮШcƨĤĲƖЯШљ9ŸůƓċƖċƣŔƻĲШċŰċũǃƚŔƚШŸŉШĦċƖĤŸŰШŉŸŸƣƓƖŔŰƣƚШċnd material usage of solid-state transformers and low-frequency-
transformer-based MVac-LVdcinterfaces for high-ƓŸƽĲƖШEéШĦőċƖŊŔŰŊЯњШŔŰШProc. IEEE Appl. Power Electron. Conf. Expo. (APEC), Atlanta, GA, USA, Mar. 2025, pp. 1318т1325. 

Copper
Carbon 

Footprint
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Power Electronics 5.0
љüĲƖŸ-ìċƚƣĲњШÂċƖċĬŔŊů
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Source: www.e-waste-
recyclers.co.in   

The                       in the Room

ƴΡќΜΜΜШGWeqӀШΡќΜΜΜќΜΜΜќΜΜΜШkWeq 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

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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The Paradigm Shift
ƴLinear Economy

Take тmake тdispose 

Resources returned into the product cycle at end of life

ƴCircular Economy
Perpetual flow of resources
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New Holistic Design Procedure
Multi-Objective Optimization with Environmental Impacts as New Performance Indicators
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LCA: Life Cycle Assessment
ƴQuantification / benchmarking of eco-design & circular economy approaches

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

1 2 3

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

2 LCIA тLife 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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A Posteriori  LCA of 3L & 7L PV Inverters (1)
ƴTwo concepts / similar specs уΝΞЮΡШťìЯШΣΡΜвΤΞΜШéШ?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 (2)
ƴTwo concepts / similar specs уΝΞЮΡШťìЯШΣΡΜвΤΞΜШéШ?9ЯШ9fÉÂÅШΝΝШ9ũċƚƚШ Шу Similar perf. (͔ CEC = 99.1%)

ƴGeneric comp. models / ecoinventdatabase & lit. ĄWidely 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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Carbon Footprint is Not Enough!
ƴLife cycle impact assessment (LCIA) phase of LCA уEnvironmental profile w. wide range of perf. indicators

ƴExample: ReCiPe2016
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: Huijbregts et al., ReCiPe 2016 v1.1 Report
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A Posteriori  LCA of 3L & 7L PV Inverters (3)
ƴTwo concepts / similar specs уΝΞЮΡШťìЯШΣΡΜвΤΞΜШéШ?9ЯШ9fÉÂÅШΝΝШ9ũċƚƚШ Шу Similar perf. (͔ CEC = 99.1%)
ƴLife Cycle Impact Assessment (LCIA) w. ReCiPe framework:

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

ƴEnvironmental footprint ŸŉШĦŸŰƻĲƖƣĲƖШċƚШċŊŊƖĲŊċƣĲШŸŉШĦŸůƓŸŰĲŰƣƚќШĲŰƻŔƖŸŰůĲŰƣċũШŉŸŸƣƓƖŔŰƣƚ

Normalized scales due to ecoinventlicensing restrictions.

Generic Comp. Mod.
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A Priori Consideration of Environmental Impacts in the Design Process?
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Multi-Objective Optimization of Converter Designs

ƴPareto front: Boundary of the feasible performance space
ƴDesign space diversity: Very different design-space coord. map to very similar performance-space coord.

ƴTyp. performance indices уEfficiency ͔  [%] | Power density ͞  [kW/dm 3] | Cost density ͠  [kW/$]
ƴConsideration of specific operating points or mission profile (power loss Ą energy loss / life-cycle cost)

AB

C
D (!)

(!)
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A Priori LCA Example: 600-V/650-V GaN/SiC LV Motor Drives
ƴ45% of all electric energy used in motor-driven applications
ƴSignificant share of variable-load centrifugal systems (pumps, fans, compressor) | < 50% with VSD

NEMA Power Index (PI) quant. energy savings w.r.t. fixed-frequency motor | Std. mission profile & default motor 

ƴLV VSD inverter w. WBG and dc-bus-referenced LC output filter w. DM & CM attenuation (smooth mot. volt.)
ƴ~ŔƣŔŊċƣŔŸŰШŸŉШĬƻоĬƣШŔƚƚƨĲƚШыƖĲŉũĲĦƣŔŸŰƚЯШĤĲċƖŔŰŊШĦƨƖƖĲŰƣƚЯШвьШ҇ШStandard motors | No harmonic motor losses 

Specs: 2.5 kW inverter / 3-hp motor
Input dc volt. 400 V
Motor volt. ΜвΞΜΜШV
Motor el. freq. ΜвΞΡΜHz

Source: IEA, 2011
Source: Malinowski et al., 
IAS Mag., Nov. 2023

(!)
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Multi-Objective Optimization Procedure
ƴDoFs: Sw. freq. | Ind. cur. ripple| Var. chip area | Var. inductor designs 
ƴNominal eff. ͔ N & weighted eff. ͔ w (NEMA PI load profile)

GaN/SiC losses via scaling exemplary devices / Calorimetric meas. sw. loss.

GaN

SiC

Nominal ͔ N Operating range Weighted ͔w
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Comparison of 600-V/650-V GaN/SiC LV Motor Drives

ƴGlobal warming potential (GWP) / Carbon footprint in kg CO2eq as new performance-space dimension
ƴWeight. eff. ͔ w and weight. rel. loss. ͥ wĄWeight. avg. losses vs. weight. avg. output power (NEMA PI load profile)
ƴHigh volume designs (low power density ͞ ) tend to have high GWP

ƴVery similar performance of GaN-based & SiC-based designs | Limited accuracy of generalized comp. mod.
ƴљÉŰċƓƚőŸƣШŔŰШƣŔůĲњШуOutcome dep. on available data & technological developments

(!)

(!) Embodied Carbon Footprint
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Multi-Objective Optimization Including the Use Phase
ƴLife-cycle carbon footprint strongly depends on electricity mix andmission profile / usage intensity

ƴConsider use phase for best life-cycle performance / Analogy to total cost of ownership (TCO) perspective

Scenario: 8 hours per day at full load

Scenario: 8 hours per day at full load

Example: 
AC-DC Converter Building Block (2L SiC,  LC Filter)
10 kW 
400 V ac
800 V dc















https://u.ethz.ch/NiKp2
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