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o New England was more far and unknown 
400 years than asteroids today 

o Supply chains and hubs

o New, unknown resources (eg tobacco & 
beaver hat): disruptive technologies

o (Semi-) finished goods & innovation 

o Transformative business window: 
innovations

Export through top sales product:
21 million beaver hats (1700-1770)

=> Export 1750: Germany: 16,500,
Spain: 110,000, Portugal: 175,000

DISRUPTIVE TECHNOLOGY & INDUSTRIAL TRANS-

FORMATION OF THE AMERICS AFTER 1492

Invention: Modularisation

Eli Whitney, 1801 

Interchangeable parts

Transformed America 
from an artisan-based 
nation to an assembly 
line style producer



D. J. C. Constable, C. Jimenez-Gonzalez, R. K. 

Henderson, Org. Process Res. Dev. 11 (2007) 133-137 

CONTINUOUS BECOMES NEW STANDARD

SpaceTango
(with Zaiput)

www.spaceflow.org
American Chemical Society

CSIRO

J. Flow Chem. 2017, 7(3–4), 151; Nat. Rev. Chem. 2017, 1, 0055

… ALSO IN SPACE … NEW STANDARD



Pharma giants Merck, Procter & Gamble, Amgen and Eli Lilly are on 

International Space Station

SpacePharma and Space Tango offer ‘space pharma laboratories’

More rodents left the Earth’s orbit than any other mammal 

PHARMA GOES SPACE

ISSpresso



V. Hessel, D. Kralisch, N. Kockmann Novel Process Windows, Wiley-VCH, Weinheim, 2014
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LENGTH AND TIME: ‘MULTI-SCALES’



 Process intensification = processing at first principles

 Novel Process Windows = Novel Business Windows

 Lower costs and better environmental footprint

 Automation = opportunity for artificial intelligence

 Modularisation = LEGO for space challenges

 Compactness / Light-weight = low payload

 Zero gravity processing feasible = capillary forces dominate

 Vacuum processing feasible = enclosed process chamber;
no headspace

DISUPTIVE ENGINEERING ON EARTH 

… & IN SPACE
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T. Razzaq, C. O. Kappe, Chem. 

Asian J. 5, 6, 1274-128

Microreactors expand the p, T 

process window and more (e.g., 

concerning c). Microwave did 

similar, but is difficult to scale-up

NOVEL PROCESS WINDOWS

V. Hessel, N. Kockmann, D. Kralisch, 

T. Noel, Q. Wang, ChemSusChem

65 (2013) 746-789

NOVEL PROCESS WINDOWS –

HIGH-p,T: SUPERHEATED PROCESSING



CubeLabsTM

Standardized platform

Open architecture 

Multiple biomedical applications 

to run simultaneously and 

independently

DIDO-2

10x10x30 cm 

4.5 kg

Medical experiments

SPACE MINI-LABS



SOLVENT 

EXTRACTION IN 

MINING INDUSTRY

Goro process



GLENCORE’S MUTANDA MINE

- Largest Cobalt Reserve on Earth



PLANET VS ASTEROID MINING



GEOLOGICAL PROCESSES 

ASTEROID vs EARTH

Earth
material distribution

Space planets & asteroids
material distribution

Metal abundance on Earth



Asterank
scientific and 

economic 
database of 

over 600’000 
asteroids

ASTEROIDS AND THEIR VALUE MATERIALS



 South Australia’s cobalt ~2900 t/a in Mount Gunson Copper Mine

 Largest mine on Earth: Glencore’s Mutanda, Republic of Congo, 23,900 t cobalt in 2017

 190 tons of water per ton of cobalt (190 : 1) 

 1 ton water from Earth to LEO: 3 million $                 80 kdollar per t cobalt on Earth 

 Ryugu (1999 JU3): 4.5 x 106 t cobalt

 80 kdollar per t cobalt, Earth <-> 300k per t water, Space 2025 

METAL CONCENTRATION 10 mol/l (space) vs. 0.1 mol/l (Earth); 

RELATIVE METAL LOAD i.e. Ni:Co = 10:1 in space vs. Ni:Co = 3:1 on Earth; 

METAL MIXTURE COMPLEXITY i.e. Fe, Ni, Co, Pt, … ; 

ALLOYS i.e. Kamacite in space, α-(Fe, Ni); Fe0+0.9Ni0.1 

WATER FOR ASTEROID MINING: NEED FOR DIS-

RUPTIVE TECHNOLOGIES TO GIVE ECONOMIC CASE



Lab-Scale: Coiled-Flow Inverter (8 l/h)

Pilot-Scale: Re-entrance Flow Reactor (360 l/h)
Production-Scale: Coiled-
Flow Inverter (1700 l/h)

SEGMENTED FLOW IN A COILED FLOW INVERTER



Volumetric mass transfer coefficient kLa
in coiled micro-flow inverter

kLa in re-entrance flow reactor

 Continuous-flow extraction 7 times more selective, and 10 times faster than batch

 Chance for substantial water savings and much higher productivity at small footprint

Zhang, L., Hessel, V., Peng, J., Wang, Q. & Zhang, L., 2017. Chemical Engineering Journal, 307, pp.1-18.
Zhang, L., Hessel, V., Peng, J., 2018. Chemical Engineering Journal, 332, pp. 131-139.

Cyanex 272, Solvay

COBALT VS NICKEL ENRICHMENT 

BY CONTINUOUS-FLOW



DISRUPTIVE FLUID 

PROPERTIES

- mimicking ‘space fluids’

Nickel nitrate

10 mol/l

‘wet liquid metal’

182 g metal salt

< 100 ml water

Almost 3 kg/l

4 x water viscosity

Pure nickel nitrate –

melting point 56 C –

solvent-free process?



Y-junction 

720 mL/h; 1:1

T-junction 180o

720 mL/h; 1:1

T-junction 90o

720 mL/h; 1:1

Y-junction 

60 mL/h; 1:1

T-junction 180o

60 mL/h; 1:1

T-junction 90o

60 mL/h; 1:1

FLOW PATTERNS OF WATER-KEROSENE WITH 

DIFFERENT MICRO-FLOW CONTACTORS



Y-junction 

480 mL/h; 1:1

Ni: 10 mol/l

Co: 1 mol/l

Y-junction 

480 mL/h; 1:1

Ni: 0.5 mol/l

Co: 0.05 mol/l

Y-junction 

240 mL/h; 1:1

all 3 cases

In no case 

regular flow 

pattern

Irregular slugs

Y-junction 

480 mL/h; 1:1

Zero Ni,Co

Y-junction 

720 mL/h; 1:1

Ni: 10 mol/l

Co: 1 mol/l

FLOW PATTERNS OF WATER-KEROSENE 

VS METAL LOAD AND FLOW RATE



IONIC LIQUIDS

Ionic liquids are powerful in metal extraction: faster & 

more selective; can potentially be operated openly



DEAN NUMBER

WATER

- Curvature &  

Miniaturisation



DEAN NUMBER

IONIC LIQUID

0.89 mPa∙s

WATER

51.0 mPa∙s

382 mPa∙s



DEAN NUMBER & VISCOSITY

NaCl (aq) - Brine
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Salt solutions at extremely high concentrations (molar) will fluidically

benefit from high-T through viscosity reduction



ORBITAL ECONOMICS

Easily Recoverable Asteroids

 

Mission  Δv  

Earth surface to LEO  8.0 km/s  

LEO to near-Earth Asteroid  5.5 km/s[note 1]  

LEO to lunar surface  6.3 km/s  

LEO to moons of Mars  8.0 km/s  

Hohmann

transfer: delta-v



ASTEROID COMMUNICATION

Communication Challenges

 ground support for the mission,

 trajectory corrections,

 remote control in case of 

emergencies, 

 transmission of data for analysis 

Expenditure Typical communication module: 10 kg weight, 120 W 

power (10% of typical power consumption in an aircraft)

Technology High and low gain antennas, Deep Space Network 

(DSN), X-band communication, transponder, amplifier, … 

Limitations Low data rate, high latency, delay time in 

response, only 12 antennas in DSN

Usada Deep Space Center



CONCLUSIONS

 Space mining is more than automation of remote processes

 Disruptive technologies are not considered in current ISRU 
approaches, yet are the key to economics

 Holistic picture needed – interdisciplinary

 The economics themselves have to be developed = business case

 Need for a business case – space mining trade

 Off-earth thinking for Earth?



SPACE HORROR – SPACE POLLUTION
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