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Heat recovery perspectives with CO2

by Prof. Dr.-Ing. Armin Hafner
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Outline of presentation
1. Motivation
2. Optimisation of Utilisation Rates
3. Waste Heat Supply System with CO2 heat transfer medium
4. Waste Heat Supply System with H2O heat transfer medium
5. Pipeline pressure drop and diameter calculations
6. Composite material instead of steel?
7. Concept for delocalisation of heat
8. Concept for buffering: Borehole Thermal Energy Storage
9. Concept for heat rejection
10. Case Study for Site A & B
11. Summary
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Motivation – potential 
• Recover – utilize thermal energy 

• Align heat availability with demand 

• Enable surplus heat export to end users/society

• Energy efficiency gain for society:

– avoid Fossil Fuel and reduce Electricity demand at the customer end   

• Reduce – eliminate cooling tower water consumption
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Waste Heat Supply System (WHSS)
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Strategies: 1. Shift of operation

•Original FCC schedule (blue): operational mode starting from week 15 up to week 45

concentrating heat generation in summer.

•Shifted schedule (green): delays operation by 26 weeks, aligning heat generation with winter 

heating demand of facility and end-users around the sites.

•Objective: reduce energy storage demand and improve direct utilisation of recovered heat.

52 weeks
January December 

Start End

Operational Schedule (Without Shift of operation)

52 weeks
December January 

Start End

Operational Schedule (With Shift of operation)
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Strategies: 1. Shift of operation
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With and without Shift of Operation for site D, mode tt, year 1

Heat Generation at FCC

Heat Demand at End User

With shift of operationWithout shift of operation

Strategies: 1. Shift of operation
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Strategies: 2. Delocalisation (transfer)

• Delocalisation of heat:

D → B

H → G 

L → A

• further increasing the 
heat utilisation 

10Department of  Energy and Process Engineering, NTNU

Strategies: 3. Buffering (thermal storage)
Site B – Base + Delocalisation + Shift of operation in mode tt

•Delocalisation and shift of operation 
reduce the mismatch between heat 
supply and demand

 Residual mismatch still exists

•Buffering through Thermal Energy 
Storage is required to store surplus 
heat to be supplied to end-users 
during service days etc. 

Heat Generation at site B

Heat Demand at End User
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Impact of Shift of Operation, Delocalisation and 
Buffering on Heat Utilisation

Target Zones 
(18% to 27% utilisation rate)

Extended Zones 
(34% to 45% utilisation rate)

With
Shift of Operation

Without 
Shift of Operation

Delocalisation
(50% to 63% utilisation rate)

Thermal Energy Storage 
(79% to 92% utilisation rate)

422 GWh

Delocalisation
(76% to 85% utilisation rate)

Thermal Energy Storage 
(92% to 95% utilisation rate)

122 GWh

Based on matching 
between annual heat 
supply and demand

Redistribution of 
generated heat among 

the sites

Storing heat and 
reusing it – 
buffering

Based on 
geographical area 

around sites
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From Strategy to System: WHSS 
Concept, Architecture, and Results
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Waste Heat Supply System (WHSS) with 
CO2 asheat transfer medium
Why CO2?
• Global Warming Potential (GWP) GWP of 1

• Zero Ozone Depletion Potential (ODP)

• Non-flammable and non-toxic

• CO₂ is inexpensive and widely available

• Meets regulations
– EU F-Gas Regulation 

– Kigali Amendment to the Montreal Protocol

• Operate at higher pressures - compact system designs

• Highly effective in heat pumps, particularly for producing high-
temperature water
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Concept: WHSS with CO2 as heat transfer medium

• At the surface point, the heat is exchanged from water to CO2 through heat exchangers.
• CO₂ vaporized in Heat Exchanger, and gas flows through long pipelines to the target zones
• A portion of the gas is diverted to each heat pump/chiller
• The heat pump transfers the heat from the CO2 to the process stream of end user, CO2 is liquefied
• The heat pumps are designed to ensure that the mass flow entering and exiting the unit remains balanced.

acolda

Heat 
Exchanger at 
Surface point

ahota
Water from 
FCC tunnel

x kg/s

 A  (MW) B (MW)  C (MW)

x1 
kg/s

(x-x1) kg/s
xbuffer kg/s

M (MW) N (MW)

Heat 
Rejection

x2 
kg/s

(x-x1-x2)kg/s

x3 
kg/s

x kg/s (x-x1) kg/s (x-x1-x2)kg/s

x1 
kg/s

x2 
kg/s

x3 
kg/s

xm 
kg/s

xn 
kg/s

xm 
kg/s

xn 
kg/s

Heat 
Pump 1

Heat 
Pump 2

Heat 
Pump 3

Heat 
Pump m

Heat 
Pump n

WHSS = Waste Heat Supply System

TES
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CO2 heat transport pipelines
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CO2 heat transport pipelines (equal size)
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Liquid

Vapour

6

Expansion 
valve

FCC CO2 line

2

Gas cooler

Return water from end user Supply water to end user

Pressure control 
valve

Compressor

Liquid 
receiver

4

5

7 8

1

3

Possible configurations of heat pumps at 
surplus end user zones

Liquid

Vapour

6

2

CO2 

3

Pressure control valve

Compressor

Liquid 
receiver

4

5

7 8

Condenser

NH3/
Hydrocarbon Compressor

9

10
11

12

Heat exchanger

FCC CO2 line

Expansion 
valve

Expansion 
valve

1

Return water from end user Supply water to end user

Transcritical CO2 cycle Cascade CO2 and NH3/Hydrocarbon cycle
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25 °C, in 65 °C, out

Q = 50 MW 
electricity

Liquid

Liquid

Liquid

Expansion 
valve

FCC Water line

Gas cooler

Pressure control 
valve

Compressor

Liquid 
receiver

Evaporator

Return water from end user Supply water to end user

50 MW

12.5 MW

37.5 MW

Energy efficiency gain by using heat pumps of WHSS

• Instead of 50 MW the end user only
needs to come up for 12.5 MW 
(COP = 4 for heat pump)

• Electricity production at 5% from
fossil fuels

• 28 t COଶ per day for electric boiler

• 7 t COଶ per day for COଶ heat pump
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Real examples for market ready heat pump components

Alfa Laval, 
plate heat exchanger

Bitzer, compressor

SWEP, 
gas cooler

Danfoss, 
expansion valve

MAN Energy Solutions, compressor

xx kW

xx MW
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WHSS with H2O heat transfer medium - Concept

acolda

Heat 
Exchanger at 
Surface point

ahota
x kg/s

 A  (MW)

x1 
kg/s

(x-x1) kg/s
xbuffer kg/s

Heat 
Rejection

x2 
kg/s

(x-x1-x2)kg/s

x3 
kg/s

x kg/s (x-x1) kg/s (x-x1-x2)kg/s

x1 
kg/s

x2 
kg/s

x3 
kg/s

xm 
kg/s

xn 
kg/s

xm 
kg/s

xn 
kg/s

CO2–to– 
water heat 
exchanger

Gas cooler

Heat 
Pump
1

 B  (MW)

CO2–to– 
water heat 
exchanger

Gas cooler

Heat 
Pump
2

 C  (MW)

CO2–to– 
water heat 
exchanger

Gas cooler

Heat 
Pump
3

 M (MW)

CO2–to– 
water heat 
exchanger

Gas cooler

Heat 
Pump
m

 N  (MW)

CO2–to– 
water heat 
exchanger

Gas cooler

Heat 
Pump
n

WHSS = Waste Heat Supply System
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Heat pump interacting with water based WHSS

Liquid

Expansion 
valve

FCC Water line

2

Gas cooler

Pressure control 
valve

Compressor

Liquid 
receiver

4

5

6 7

3

Evaporator

Return water from end user Supply water to end user

18 9

Liquid

WHSS = Waste Heat Supply System
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Pipeline pressure drop and diameter calculations:
Data and assumptions

Remarks DataParameter

Value confirmed by CERN45°CEntry temperature of water from FCC

Value confirmed by CERN27°CReturn temperature of water to FCC

Data provided CERN50 MWMaximum heat rejected from site A

Unknown. Assumed for simplicity.2No of heat pump in WHSS

Unknown. Assumed for simplicity.25 MWHeat supply to end user through one heat

pump

Unknown. Assumed for simplicity.25°CEntry temperature of end user heat sink

(water)

Unknown. Assumed for simplicity.65°CFinal temperature required by end user

Unknown. Assumed for simplicity.5000 mPipeline length between heat pumps

Assumed for simplicity.NeglectedEffect of pipeline elevation, bends etc
Site A, D, G, J

Number of 

weeks

Power (tt) 

[MW]

Power (H) 

[MW]

Power (W) 

[MW]

Power (Z) 

[MW]
AbbreviationMode of Operation

172.522.282.282.02SDShutdown

432.5624.6023.1920.41comCommissioning

2050.0038.9334.0731.41OPOperation

610.286.966.155.34DTDowntime

210.286.966.155.34TSTechnical Stop

332.1621.0716.2313.56MDMachine Development

21
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Pipeline pressure drop and diameter calculations: 
CO2 based WHSS

acolda

        50MW

Heat 
Exchanger

ahota

260 kg/s
Heat 

Rejection

44 bar

  12 °C
   50 bar

D = 0.77m
   

   45 bar

Heat Pump Heat Pump

QC = 25 MW

FCC Waterin

FCC Waterout

45 °C

27 °C

25 °C 65 °C

10 °C

43 bar
42 bar

43 bar
41 bar
39 bar

51 bar
52 bar
53 bar

52 bar
54 bar
56 bar

103 kg/s
104 kg/s
104 kg/s

104 kg/s
104 kg/s
105 kg/s

157 kg/s
156 kg/s
156 kg/s

53 kg/s
52 kg/s
51 kg/s

Q1com =    6 MW
Q1com = 6.1 MW
Q1com = 6.3 MW

Q1com = 6.1 MW
Q1com = 6.4 MW
Q1com = 6.7 MW

D = 0.68m
D = 0.63m

D = 0.54m
D = 0.48m
D = 0.44m

D = 0.64m
D = 0.56m
D = 0.51m

D = 0.45m
D = 0.39m
D = 0.36m

25 °C 65 °C
QC = 25 MW

 Δp = 1bar 
 Δp = 2bar 
 Δp = 3bar 

 for 5km pipe length: 

1

4

2

3

Alternative: multiple pipelines

(Waste Heat Supply System)
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Pipeline pressure drop and diameter calculations: 
H2O based WHSS

acolda

        50MW

Heat 
Exchanger

ahota

283 kg/s739 kg/s 1195 kg/s
Heat 

Rejection

FCC Waterin

FCC Waterout

30 °C

20 °C

25 °C 65 °C

19.1MW

456
kg/s

 

   

1 bar

   

25MW

Qcom = 5.9 MW

25 °C 65 °C

19.1MW

25MW

Heat 
Pump

2 bar

25 °C

15 °C   
   

 Δ p = 1bar 
 Δ p = 2bar 
 Δ p = 3bar 

for 5km pipe length: 

D = 0.96m
D = 0.83m
D = 0.77m

D = 0.96m
D = 0.84m
D = 0.77m

D = 0.80m
D = 0.69m
D = 0.64m

D = 0.80m
D = 0.69m
D = 0.64m

 4 bar

 4 bar

 3 bar

1 bar
2 bar
 3 bar

1 bar
2 bar
 3 bar

1 bar
2 bar
 3 bar

456
kg/s

1

4

2

3
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Pipeline pressure drop and diameter calculations: 
Comparison between CO2 and H2O based systems

Total

mass of

steel

Steel

Mass per

Meter

Pipe

thickness

Total

Power

Heat pump

compressor

power

Total Pump

Power

Volume

FlowDiameter

Pipe

segment

Δp in 5

km
Workin

g fluid [ton][kg/m][mm][MW][MW][MW][m3/s][m][bar]

1889.49

145.288.56

12.512.5-

1.920.681

2CO2

98.537.051.190.562

53.325.470.180.393

80.776.730.30.484

316.71

18.590.91

12.611.80.8

0.60.831

2Water
12.850.750.370.692

12.850.750.370.693

19.050.920.60.844
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Composite material instead of steel?
No - costwise

Seamless 
Ø 60 mm 
to
Ø 457 mm 

25
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CO2 pipeline options – of the shelf 

136 km

Ø 406 x 
20 mm
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CO2 pipeline options – of the shelf 

27

28



20/05/2025

15

29Department of  Energy and Process Engineering, NTNU

Examples in CH

Source:
Using CO₂ to heat and cool urban areas - Exergo

District Heating in Sion, Switzerland
using CO2
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Concept for delocalisation of heat

        
         50 MW 
      

        19 MW

45 °C

27 °C

45 °C

27 °C

Site A Site L

12 °C

10 °C

55 bar
15 °C

50 bar
14 °C

AC

QAC1 

50 bar

45 bar

CO2 vapor line

CO2 liquid
 line

FCC H2O line
FCC H2O

 line

FCC tunnel FCC tunnel

Above ground Above ground

11 km

QAC2 

Heat 
Rejection

D=0.61m

Heat Pump Heat Pump

25 °C 65 °C 25 °C 65 °C

End user location 
at Zone A

AC AC

QACm 

CO2 vapor line

QACn 

AC

18 m 18 m

5 kW 5 kW 5 kW 5 kW

DataParameter

11 kmLength between two sites

200 mDepth of tunnel from surface

3Number of AC units between sites*

1 MWLoad on one AC unit*

2.75 kmDistance between AC units*

15°CExit temperature of CO2 from evaporator

*Real case is 5 kW evaporator every 18m. 

29

30



20/05/2025

16

31Department of  Energy and Process Engineering, NTNU

Concept for delocalisation of heat

        
         50 MW 
      

        19 MW

45 °C

27 °C

45 °C

27 °C

Site A Site L

12 °C

10 °C

55 bar
15 °C

50 bar
14 °C

AC

QAC1 

50 bar

45 bar

CO2 vapor line

CO2 liquid
 line

FCC H2O line
FCC H2O

 line

FCC tunnel FCC tunnel

Above ground Above ground

11 km

QAC2 

Heat 
Rejection

D=0.61m

Heat Pump Heat Pump

25 °C 65 °C 25 °C 65 °C

End user location 
at Zone A

AC AC

QACm 

CO2 vapor line

QACn 

AC

18 m 18 m

5 kW 5 kW 5 kW 5 kW

DataParameter

11 kmLength between two sites

200 mDepth of tunnel from surface

3Number of AC units between sites*

1 MWLoad on one AC unit*

2.75 kmDistance between AC units*

15°CExit temperature of CO2 from evaporator

*Real case is 5 kW evaporator every 18m. 
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Delocalisation / transfer of heat
Pressure drop and diameter calculations

Alternative: 
2 vapour lines

• 1 for AC
• 1 for transfer

31
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Case study: Only air conditioning inside the tunnel

34Department of  Energy and Process Engineering, NTNU

Concept for heat buffering: 
Borehole Thermal Energy Storage (BTES)

DischargingCharging

Rock

CO2 to surface 
point

Shaft

Tunnel

Rock

CO2 to surface 
point

Shaft

Tunnel
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DischargingCharging

liquid

vapour

vapour

liquid

vapour

vapour

Concept for buffering: Borehole heat exchanger concept

Case study

Length: 200 m per pipe
Diameter: 0.12 m
Heat Load per pipe: 6kW

• Heat that needs to be rejected determines the number of pipes
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Surface site

Tunnel

Inclined BTES with multiple underground ring elements

•Inclined boreholes form 
concentric underground rings 
around the FCC tunnel to 
maximise contact with rock for 
heat storage

•A central vertical shaft connects 
the surface to each ring, 
circulating heat transfer fluid 
through separate liquid and 
vapour lines

Schematic representation of 
a BTES system with multiple 
rings with bore hole heat 
exchangers. 

Top view of a ring element 
of the BTES

(BTES) Borehole Thermal Energy Storage

35
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Borehole Temperature Evolution
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BTES CO2 Charging Process (1 Day)

45 bar 
15 °C

12.9 °C
(subcooled liquid)

50.8
 bar 

14.9 °C
(saturated liquid)

25.1 °C
(superheated gas)

Compressor

 CO2 gas

vertical pipe 
connecting 
tunnel and 
surface site

Borehole Heat Exchanger

(BTES) Borehole Thermal Energy Storage
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BTES CO2 Discharging Process (1 Day)

60 bar 
15 °C 56.7 bar 19.5 °C

(saturated gas)
14.7 °C

(subcooled liquid)
21.5 °C

(superheated gas)

expansion 
valve

55 bar, 15 °C 
at surface

72 bar, 15 °C
in tunnel

vertical pipe 
connecting 
tunnel and 
surface site

Pipe going outwards the ring segment

CO2 liquid 
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BTES CO2 Charging Process (7 Days)

(BTES) Borehole Thermal Energy Storage

39
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Concept for alternative heat rejection
(heat source) 

Rock

FCC Water to 
surface point

Magnets

Underground water flow

& heat storage 
for later export

location even 
outside the FCC 
area

42Department of  Energy and Process Engineering, NTNU

Heat generation and demand for Site A & B
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Heat Generation at FCC
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BTES for Site A & B
BTES is not needed

• For site A in Base + 
Delocalisation + Shift of 
operation case
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BTES is needed for site B

• For Site B in Base + 
Delocalisation + Shift of 
operation case

Base Base + Delocalisation Base + Delocalisation + Shift of operation

(BTES) Borehole Thermal Energy Storage
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Comparison of BTES Capacity and Energy Storage for Base 
and Optimised WHSS Scenarios at Site A
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Heat Generation and Utilisation for Sites B and D for Base 
case in mode tt
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Comparison of BTES Capacity and Energy Storage for Base 
and Optimised WHSS Scenarios at Site B for mode tt
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•Base case shows no storage demand —
local demand is sufficient to absorb 
generated heat

•Delocalisation introduces a significant 
storage need delocalised from site D, 
peaking at ~130ௗGWh in week 41

•Shift of operation reduces and spreads 
the storage load, but ~20ௗGWh of BTES is 
still needed to manage seasonal 
imbalance.

Base Base + Delocalisation Base + Delocalisation + Shift of operation

BTES = Borehole Thermal Energy Storage

WHSS = Waste Heat Supply System
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Weekly BTES Energy Transfer and Impact on Cooling Tower Load at 
Site B for Base + Delocalisation + Shift of operation for mode tt
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Cooling Tower Water Demand under Varying BTES Coverage 
at Site B for mode tt
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• Cooling tower demand 
decreases with increasing BTES 
capacity

• Full BTES storage eliminates 
annual water use (saves up to 
491,000ௗm³ (64,821 m³ at site B, 
426,952 m³ at site D))

• Even without BTES, WHSS 
reduces water demand by over 
400,000ௗm³/year for site B and D

(BTES) Borehole Thermal Energy Storage
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Summary
• Advantages

– Eliminate water use and transport for cooling purpose (cooling towers)
– Implement energy efficient AC (direct expansion) in the tunnel
– High heat utilisation ratio and redundancy in the external heat distribution network
– CO2 / CCS infrastructure network
– Provide cooling (AC) with the external CO2 infrastructure during summer months (district cooling)

• Identified Challenges / Opportunities
– Is FCC ready to perform operation from Oct to Mar to become a valuable heat source in 

winter?
– Heat rejection network – cooling as a service for FCC from the distribution network operators 

• Technology gaps
– alternative pipeline concepts – optimization / sizing of CO2 transport lines (internal and 

external)
– horizontally inclined Borehole Thermal Energy Storage with CO2 as heat transfer fluid
– Safey assessment of efficient and compact DX-CO2 AC inside the tunnel – versus chilled 

water pumping
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Thank you for your attention!

Questions are welcome.

Contact:
armin.hafner@ntnu.no
+47 92857730

Team at NTNU:
Dr. Sarun Kumar Kochunni
sarun.k.kochunni@ntnu.no

Mr. Quentin Rene Liebsch
quentirl@stud.ntnu.no
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Backup
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Comparison of BTES Capacity and Energy Storage for Base and 
Optimised WHSS Scenarios at Site L
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Comparison of BTES Capacity and Energy Storage for Base and 
Optimised WHSS Scenarios at Site D
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Comparison of BTES Capacity and Energy Storage for Base and 
Optimised WHSS Scenarios at Site F
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Comparison of BTES Capacity and Energy Storage for Base and 
Optimised WHSS Scenarios at Site G
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Weekly BTES Energy Transfer and Impact on Cooling Tower Load 
at Site G
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Cooling Tower Water Demand under Varying BTES Coverage at 
Site G
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Comparison of BTES Capacity and Energy Storage for Base and 
Optimised WHSS Scenarios at Site H
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Comparison of BTES Capacity and Energy Storage for Base and 
Optimised WHSS Scenarios at Site J
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Weekly BTES Energy Transfer and Impact on Cooling Tower 
Load at Site J
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Cooling Tower Water Demand under Varying BTES Coverage at 
Site J
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