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Requires energy transition.
Deploying PV is essential to this goal.
Globally, we need ~75 TW of PV.

Goal: Net Zero, ASAP

Haegel et al 2023
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PV is ready to 
accomplish 
energy transition

Globally, in 2022:
• Cumulative capacity of 1.2 TW
• Added ~230 GW of PV capacity

U.S. added ~32 GW in 2023

• Largest fraction of new capacity
• Cheapest source of electricity in 

most places

But, PV isn’t perfect 
(otherwise, we wouldn’t have jobs)

IRENA, IEA, Feldman et al 2023, Wood Mackenzie

Wishlist:
• Reduce material demand
• Reduce wastes
• Reduce energy demands
• Reduce carbon intensity
• Improve energy yield
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Circular R-strategies for PV
in the Energy Transition

Mirletz, Ovaitt, Barnes, 2022 "Quantifying Energy flows in PV Circular Processes" PVSC 
Proceedings. Best Student Paper Area 8 Award
Thanks to M Mendez Ribo for graphic design

Refuse: Refuse virgin and conflict 
materials.

Rethink: High energy yield PV 
systems, design for Repair and 
Reliability Integrated PV.

Reduce: Material substitution, 
increase manufacturing yield,
decarbonize manufacturing. 

Reuse: Merchant tail, resell in 
secondary markets.
Repair: Onsite repair of modules 
and components.
Refurbish: Demount and 
transport modules for repairs
Replace storm-damaged modules 
on site . 
Remanufacture: Disassemble, 
replace cells, relaminate.
Repurpose: Repower system with 
new components 

Recycle: Separate modules and 
components, reclaim materials.

Remine: Mine input materials 
from landfills, refine.

Recover: Burn component 
materials for energy generation.
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Circular 
Economy
R-Action

Reduce

Reduce
&

Reuse
Remanufacture

&
Recycle

How Circular Economy aligns to PV module design aspects
Circular 

Economy
R-Action

PV module 
Design 
Aspect

Reduce Efficiency

Reduce
&

Reuse
Lifetime

Remanufacture
&

Recycle

Material 
Circularity

SHJ

TOPCon

PERC

PV ICE Baseline

Low Quality

“Ambitious”
“Business as 

Usual”
13 Scenarios

“Extreme”

High Eff + Long Life

Circular + High eff

Recycled Si PERC

Circular + Long life

Long Life + Recycling
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PV in Circular 
Economy Tool

PV ICE

System-dynamics, geospatial, 
open-source model that 
evaluates the material, energy 
and carbon viability of the PV 
manufacturing, deployment, 
reuse, and recycling industries 
across the Energy Transition, 
allowing exploration of supply 
chains with varying degrees 
and types of circularities.

https://www.nrel.gov/pv/pv-ice-tool.html

Includes pathways for circularity specific for PV 
REUSE (RESELL & MERCHANT TAIL), REPAIR, REMANUFACTURE, RECYCLE

https://www.nrel.gov/pv/pv-ice-tool.html
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How do we measure impact of circular choices for PV lifecycles?
M
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tip

le
 M

et
ric

s

Virgin Material
Reduce Extraction of 

Virgin Materials

Waste
Reduce Wastes 

throughout PV lifecycle

Maintain PV Capacity       
to meet Energy Transition

Installed Capacity

Energy Demand
Minimize Energy demands of 

processes and materials

Net Energy
Energy Generated 

minus Energy Demand

Energy Balance
Energy Generated 

divided by Energy Demand

Supply Chain 
Security

Just and Reliable 
sourcing of materials

Carbon Intensity
Minimize carbon 

intensity of lifecycle
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All Module Lifetimes Require Replacements 
by 2100

Long 
Lifetime 
maintains 
capacity

Short lifetimes (15 yrs) 
do not meet capacity targets

without replacements pre-2050

Efficiency
Lifetime

Material Circularity

75 TW 86 TW
If modules 
were immortal
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For every 0.1% degradation, 
save 2 to 3 TWs of 
replacements by 2050

Depending on deployment schedule of 
achieving global deployment of 
75 TW by 2050, 
86 TW by 2100

On average, save 
20 to 60 GW 2 to 3 TW 20 to 23 TW

by 2030 by 2050 by 2100

Linear Increasing
Sigm

oidal
Rapid Exponential to Flat

2030 – 2100

2030 – 2100

2030 – 2100
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Annual Deployment 
including replacements 
are highly sensitive to 
lifetime

Short-lived modules (15 years) 
require annual deployment 
rates ~6 TW through 2100.

Long-lived modules minimize 
required deployment rates.

Linear Increasing
Sigm

oidal
Rapid Exponential to Flat

Range of Literature Predicted 
Annual Manufacturing 

2022 Deploy Rate

Efficiency
Lifetime

Material Circularity

~6 TW/yrDeployment = Manufacturing
Manufacturing = environmental impacts, 

infrastructure, logistics, supply chains… jobs…

Mints. SPV Supply 
Report 2023
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Cumulative Deployment 2000-2100 with Replacements 
Efficiency

Lifetime
Material Circularity

Short lifetimes = 4.5x min deployment
Long lifetimes = 1.6x min deployment

86 TW 
minimum 
deployment

4.5x

1.6x

4.5x



Deployments = 
material demands = 

energy demands = 
carbon

But what if you change:
Material Circularity
Efficiency
Lifetime
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Material Circularity: Great at Waste Minimization
Efficiency

Lifetime
Material Circularity
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Material Circularity: Reduces Virgin Material Demand
Efficiency

Lifetime
Material Circularity
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Lifetime: Maximizes Energy Balance
Efficiency

Lifetime
Material Circularity

Lifetime improves energy balance
Lifetime +Reuse OR +Efficiency maximizes energy balance

∑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
∑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷



Cumulative Emissions in 2050, 2100

Below white line = 2050
Top of bar = 2100

Efficiency & Bifacial minimizes 
emissions by 2050
BUT
2nd largest emissions in 2100

Material circularity can help in 
second half of century

Lifetime now to minimize 
emissions by 2100

Efficiency
Lifetime

Material Circularity



Metric Table

Lifetime improvement minimizes harms and maximizes benefits during energy transition.
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But how 
“not perfect” 
are we talking?

Let’s put these metric impacts 
into context.

Wishlist:
• Reduce material demand
• Reduce wastes
• Reduce energy demands
• Reduce carbon intensity
• Improve energy yield



How much waste are we talking?
05/2023



How much waste are we talking?

Worst Case: 160 

Best Case: 54

Million metric tonnes of 
PV end-of-life modules
Cumulatively in 2050

05/2023

Mirletz 2023 PVRW

75 TW
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Cumulative PV “Waste” by 2050 in Perspective

Mirletz, H., H. Hieslmair, S. Ovaitt, T. L. Curtis, and 
T.M. Barnes. 2023. “Unfounded Concerns about 
Photovoltaic Module Toxicity and Waste Are Slowing 
Decarbonization.” Nature Physics

Manageable 

https://rdcu.be/dnOZR



Carbon in Context: Cumulative through 2100

Masson-Delmotte et al. IPCC 2021
Wikoff et al. Joule 2022

Cumulative Emissions from PV 
to deploy 75 TW is equivalent 

to 1 year of current global emissions
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Cumulative PV 
emissions are a 

small fraction of the 
carbon budget

50% chance of 1.5°C Carbon Budget = 500 billion metric tonnes
PV consumes ~6% of Carbon Budget

500 billion metric tonnes

PV
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Annual emissions 
from fuel sources 

eclipse 
PV emissions

Jackson et al. “Persistent Fossil Fuel Growth Threatens the Paris Agreement and Planetary 
Health.” Environmental Research Letters. Dec 2019.
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Takeaway Messages
Material Circularity
• Great for reducing waste (76%)
• Can reduce virgin material demands (up to 29%)
• Alone cannot reduce impacts of deploying low quality module
• Pre-2050 material sourcing: adjacent industries, responsible mining practices…
 

Efficiency & Bifaciality
• improvements can reduce peak material demands (30%) and increase energy 

yield (9%)
 

Lifetime improvements ease the path to energy transition
• delaying the need for replacements
• reducing the number of replacements
• increasing energy yield
• providing a grace period to ramp up material circularity

Even if we made no improvements, PV “waste” and carbon intensity are 
manageable and miniscule compared to doing nothing.

Deploy,
Deploy,
Deploy,

& 
Don’t forget to 

make your 
modules last.

Circular Economy R-Action PV module Design Aspect

Reduce Efficiency

Reduce & Reuse Lifetime

Remanufacture & Recycle Material Circularity
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Thank you!

Questions?
heather.mirletz@nrel.gov 
PV ICE Tool: https://www.nrel.gov/pv/pv-ice-tool.html, 
      https://github.com/NREL/PV_ICE 
This work was authored [in part] by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC, for the 
U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. Funding provided by the U.S. Department of Energy’s Office 
of Energy Efficiency and Renewable Energy (EERE) under Solar Energy Technologies Office (SETO) Agreement 38269 and 38699. The views 
expressed in the article do not necessarily represent the views of the DOE or the U.S. Government. The U.S. Government retains and the 
publisher, by accepting the article for publication, acknowledges that the U.S. Government retains a nonexclusive, paid-up, irrevocable, 
worldwide license to publish or reproduce the published form of this work, or allow others to do so, for U.S. Government purposes. The 
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Inclusion and Diversity: One or more of the authors of this paper self-identifies as an underrepresented ethnic minority in science. While 
citing references scientifically relevant for this work, we also actively worked to promote gender balance in our reference list.
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