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Progressing electrification due to energy transition

Upgrading power grid is imperative (age, performance)
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SuperLink – 15 km sc. HV cable in Munich

Lower space demand

No electromagnetic emissions

No joule heating

Higher transmission performance

[1]

[1] www.nkt.de
[2] NKT

https://www.nkt.de/presse-events/nkt-entwickelt-den-prototyp-fuer-das-weltweit-laengste-supraleitende-stromkabel
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Cooling temperature below 77 K

15-30 kW per cooling station

Low-maintenance → reliability

Low space requirement

Low energy demand

Cooling systems are the main contributor to energy demand

1st and 2nd law of thermodynamics → 𝑃 = σ𝑇U ⋅ ሶ𝑆𝑖,irr

Δ𝑝: ሶ𝑆𝑖,irr ∝ −
𝑣

𝑇
d𝑝

Δ𝑇: ሶ𝑆𝑖,irr ∝
𝑇1−𝑇2

𝑇1⋅𝑇2
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SuperLink – Closed cycle cooling stations

[3]

[3] Alekseev et al. 2020

Influence of ΔT and Δp increases

at cryogenic temperatures
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Easiest cryogenic cooling cycle

Capacity flows do not match for pure refrigerants
→ Δ𝑇 increases entropy production

Δ𝑠irr = න
𝑇h − 𝑇c
𝑇h𝑇c

d𝑞

Improvement by matching capacity flows
→ constant Δ𝑇 along inner CFHX

… by adjusting massflows in CFHX

e.g. Claude process

… by using wide boiling refrigerant mixtures

Cryogenic mixed-refrigerant cycle (CMRC)

… by adjusting massflows in CFHX

e.g. Claude process
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Why mixed refrigerants? – The Linde Hampson Cycle
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Why mixed refrigerants? – Refrigerant Design

Pure refrigerant which

is the „best match“ to

requirements

„Design“ of desired

refrigerant behavior

Simple process with

high efficiency

Optimize for efficiency

through more complex

process topology

Cooling task
ሶ𝑄0, 𝑇0

Refrigerant DesignProcess Design
Key component of every cooling

system is the refrigerant!
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Single-stage CMRC inefficient for  
very low temperatures (70 K)

Amount of high boiling 
components must be drastically 
reduced to avoid freeze-out

→ CMRC cascade
precooling (PC) stage

cooling down to 𝑇precool
low temperature (LT) stage

cooling at 𝑇0

LN2

July 25, 20246

CMRC cascade

𝑝𝑃𝐶,ℎ

𝑝𝑃𝐶,𝑙

𝑝𝐿𝑇,ℎ

𝑝𝐿𝑇,𝑙

𝑇𝑝𝑟𝑒𝑐𝑜𝑜𝑙

𝑥𝐿𝑇,1, … , 𝑥𝐿𝑇,𝑛𝑥𝑃𝐶,1, … , 𝑥𝑃𝐶,𝑛

𝑝PC,h

𝑝PC,l

𝑝LT,h

𝑝LT,l

𝑇0

𝑇precool

𝑥LT,1, … , 𝑥LT,𝑛𝑥PC,1, … , 𝑥PC,𝑛
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Process simulation

Thermodynamic
Property Data

• Open-Source Tool CoolProp[4]

• EoS: Peng-Robinson

Process
Modeling

• Steady-state calculation

• 𝑇0, 𝑇c, Δ𝑇, 𝑝, Δ𝑝 are given

• Energy demand

• Temperature profiles
Analysis

[4] I.H. Bell et al. 2014
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Differential Evolution (DE) [6,7]

No derivatives needed

Global optimization → „Exploration & Exploitation“
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Optimization by genetic algorithm[5]

[6] R. Storn und  K. Price 1997

[7] K. Price et al. 2005

Initial Population

Global optimum

Abort criterion

Mutation

Recombination

Selection

 𝑥𝑖 > 1
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Initial Population

Global optimum

Abort criterion

DE is predestined to parallelization
Different candidates in the same generation can be 
calculated independently 
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Optimization by genetic algorithm[5]

Mutation

Recombination

Selection
o

ld
p

o
p

u
la

ti
o

n

n
e

w
p

o
p

u
la

ti
o

n

u1

u2

un

…

Parallelization

bwUniCluster 2.0

[8] SCC, KIT

HPC Cluster
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Total Carnot efficiency for different Tprecool

liquid refrigerant supply (LRS) to HX2 for 
T ≤ 120 K

→ significantly improves efficiency of low 
temperature stage

Brayton cycle

ηCarnot calculated for 69 K 

T0 64 K – 74 K

Ta 293.15 K

ΔTa 5 K

ΔTmin 2 K

ηis 0.7

Tprecool 80 … 200 K

pND 1 … 20 bar

pHD 10 … 60 bar

xi 0 … 1 

Cryocooler



OU Refrigeration and CryogenicsF Boehm – Optimization of CMRC cascades for SuperLinkJuly 25, 202411

HX temperature profiles and T-h plot for LT stage

𝒒𝟎

HX2, hot

HX2, cold

HX2,hot

HX2,cold

Tprecool = 85 K
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Simulation results

Successful implementation of genetic 
CMRC cascade optimization algorithm

Precooling temperatures below 120 K 
improve efficiency

Very good match of capacity flow rates 
within heat exchangers

Technology outlook

Compared to Turbo-Brayton cycles, 
CMRC cascades have 

higher Carnot efficiency (> 40 %)

higher power density (2-phase)

no cold expanders

scalable technology

Next steps
Prototype development? 

Test facility COMPASS[9] available

July 25, 202412

Conclusions and outlook
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Thank you for your attention!
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