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My Background: A Journey of Data Mining for Sustainability

• Environmental Science & Economics

• Environmental Science (Atmospheric Chemistry)

• Ozone Pollution / Greenhouse Gas Emissions

• Urban Engineering (Environmental Engineering)

• Carbon Footprint / Industrial Ecology

• Mining Engineering (Green Mining Value Chain)

• Circular Economy / Climate-Smart Mining (EIT, 2019)
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Towards Integrated Management of Technological and Ecological 
Systems

https://theanthropocene.org/film/
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https://youtu.be/ikMlCxzO-94
https://theanthropocene.org/film/


IE: Physical Provisioning Systems of Sustainable Well-Being

(O’Neill et al., 2018)

“Industrial ecology aims to reduce the environmental impact of 
industry by examining material and energy flows in products, 
processes, industrial sectors, and economies.”
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https://www.nature.com/articles/s41893-018-0021-4
https://www.encyclopedia.com/environment/educational-magazines/industrial-ecology


IE: Operationalizing the Doughnut Economics Framework 

(Pauliuk, 2023)
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https://www.blog.industrialecology.uni-freiburg.de/index.php/2018/12/02/why-a-two-pillar-model-is-a-better-choice-for-conceptualizing-sustainability/


Case Studies

• Static MFA

• Nexus Research: Interdependence and Interaction

• Dynamic MFA

• Socio-Economic Metabolism: Gigaton Problems
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The Weight of Cities

Socio-ecological-infrastructural systems framework (Ramaswami et al., 2012)

Urban stock by 4D-GIS (Tanikawa & Hashimoto, 2009; Tanikawa et al., 2015)

International Resource Panel: The Weight of Cities (2018)
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https://www.resourcepanel.org/reports/weight-cities


Urban Water Systems

(Nair et al., 2014)
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Water-Energy-Carbon Nexus

PMSEIC (2010). Challenges at Energy-Water-Carbon Intersections. Prime Minister’s Science, 
Engineering and Innovation Council, Canberra, Australia

?

1. GHGs from treatment processes
2. GHGs embodied in infrastructure
3. GHGs induced by water services
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Our GHG Accounting Framework for Urban Water Systems

Zhang, Q., Smith, K., Zhao, X., Jin, X., Wang, S., Shen, J., & Ren, Z. J. (2021). Greenhouse gas 
emissions associated with urban water infrastructure: What we have learnt from China's 
practice. Wiley Interdisciplinary Reviews: Water, 8(4), e1529. 10



A Low-Carbon Future of Urban Water Systems
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GHG Projections of Urban Water Systems
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Urbanization Impact on Water System’s GHGs

Megacity
Other

city
Town

Rural
population

Urban sprawl

Panel I

(Urban)

Compact or not

Population density for design, capita/km2

In-migration to mega-cities or not

Relative growth rate of residents

Megacity Other city Town Megacity Other city Town

S1A Yes 50,000 30,000 10,000 No 150% 100% 50%

S1B No 10,000 10,000 3,000 No 150% 100% 50%

S1C Yes 50,000 30,000 10,000 Yes 50% 100% 150%

S1D No 10,000 10,000 3,000 Yes 50% 100% 150%

Zhang, Q., Liu, S., Wang, T., Dai, X., Baninla, Y., Nakatani, J., & Moriguchi, Y. (2019). Urbanization 
impacts on greenhouse gas (GHG) emissions of the water infrastructure in China: Trade-offs among 
sustainable development goals (SDGs). Journal of Cleaner Production, 232, 474-486.
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Panel I: Urban Policy vs. Material Efficiency

• S1A: Significant growth of energy for 
secondary pumping in compact design

• Lowest case (S1A): compact design without 
restriction of in-migrants

Panel I
More people in 

megacity
Less people in 

megacity

More need of 
land

Ib Id

Less need of 
land

Ia Ic

(Zhang et al., 2019)
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Panel II: System Upgrade vs. Additional GHGs

Subsystem Option IIa Option IIb Option IIc Option IId

Pipeline 
system

Water Pipe
upgrade

Water 
supply

Desalination

Sludge 
disposal

Alternative 
sludge 
disposal

Wastewater 
treatment

Stricter WW 
permits
(Standard 
II→IA)

Cost: GHG emissions (this study)
Benefit:
a) Reduce water leakage;
b) Increase water supply;
c) Save land resource;
d) Better water quality.
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(Zhang et al., 2019)
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Case Studies

• Static MFA

• Nexus Research: Interdependence and Interaction

• Dynamic MFA

• Socio-Economic Metabolism: Gigaton Problems
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Coal and Iron: Historical Symbols for Industrial Revolutions

(AI Image of Industrial Ecology by Midjourney)(Völklingen Ironworks, World Heritage, 2022)
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Carbon-Intensive Material Production

(Hertwich et al., 2019)
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Triple Gigaton Problems (Raw Material – GHGs – Waste)

Global(Gt)(Mt)

(Azadi et al., 2020)
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Dynamic Material Flow Analysis

• Inflows (I) = Stock Changes (S) + Outflows (O)

• 𝑰𝒊(𝒕) =
𝐝𝐒𝒊 𝒕

𝐝𝒕
+ 𝑶𝒊 𝒕 (1)

• 𝑶𝒊(𝒕) = σ𝒕′≤𝒕 𝑰𝒊(𝒕
′) 𝑳𝒊(𝒕 − 𝒕′, 𝑳𝑻𝒊 , 𝝈𝒊) (2)

• L: likelihood of end-of-life

• LT: life time, σ: standard variations
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China’s Steel Flows and Stocks
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Zhang, Q., Kennedy, C., Wang, T., Wei, W., Li, J., & Shi, L. (2020). Transforming the coal and steel 
nexus for China's eco‐civilization: Interplay between rail and energy infrastructure. Journal of 
Industrial Ecology, 24(6), 1352-1363.

Steel Scrap steelDomestic Market
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China’s Coal and Steel Nexus towards a Low-Carbon Future

(Zhang et al., 2020)
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Global Material Circularity : 8.6% (2022)

The Circularity Gap Reporting Initiative: 2022 CGR REPORT
International Resource Panel: Recycling Rates of Metals: A Status Report (2011)

Only <1% of some critical minerals (Li, In, 
REEs, etc.) are recycled after use
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https://www.circularity-gap.world/2022#Download-the-report
https://www.resourcepanel.org/sites/default/files/documents/document/media/metals_status_report_full_report_english.pdf


Circular Economy ≠ Recycling
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Takeaways

• Do the Right Thing Efficiently.

• Take systems-based approaches to decipher 

trade-offs 

• Gigaton Problems Need Gigaton Solutions.

• Capacity building for scaling up solutions

(McCollum et al., 2022)

Thank you for your attention!
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