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Development goals

* Industry-relevant performance data: 100 kW — n*10 MW

* Useful temperature: 200 - 400 °C (special cases up to 600 °C)

* High COP, depending on waste heat and process temperatures
Cycles and refrigerants

* Brayton cycle - air, inert gases

* Rankine cycle - water, vapor

Process optimization

Figure: Test facility of CoBra in Cottbus under construction

e Simultaneous optimization of component and process design
Construction of experimental facilities

* Brayton cycle in Cottbus/ Germany (CoBra)
» Part of the research results presented here * Rankine cycle in Zittau/ Germany (ZiRa)

e Control concept development and testing
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Why Brayton cycle as HTHP technology?
* Simultaneous generation of process heat and cooling
* Very fast capacity control with fluid inventory control

* Examples of potential applications:
— Drying process, e.g. in the food or construction industry
— Preheating process, e.g. in the metal or construction industry

Why partial load operation is investigated?

* Major part of operational flexibility of industrial processes
— Manufacturing conditions, e.g. continuous and batch processing
— Product conditions, e.g. different product lines

e Until now a drawback of HTHP when compared to direct electric heaters

i DLR
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Brayton HTHP Prototype CoBra supply | '
Air —7 |
¢ Reverse’ Closed-loop and recuperated Brayton CVCIe o E::::::::':::a:?::::::::: p— :::f:::::::::f:f:::::i ,,,,,,,,,,,,,,,,
iBrayton process
* Design features for experimental freedom:
— Designed for two working fluids - air and argon E Heat Exchanger
. . Turbine Compressor
— Compressor and turbine with own shafts | ’
— Three-way-valve to vary the recuperation Heat Exchanger
| Recuperator

— Flexible secondary cycles of heat sink and heat source

— Electrical heater to simulate waste heat temperatures
— Fluid inventory control - vary the working fluid mass
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Part load study — Methodology

* EBSILON® Professional simulation model of the Prototype
CoBra to investigate the steady-state operation points
* Two integration scenarios

1. Brayton HTHP with CoBra boundary conditions
— ambient air (15 °C) @ heat source inlet

2. Brayton HTHP for a asumed industrial process with
waste heat recovery = 50 °C @ heat source inlet
* Two scenarios of operating range
— HTHP load 60 — 100 % (100% is equal to 120 kW,,,)
—> variation of heat sink mass flow
— Non-recuperated and recuperated
— Variable speed of compressor

Brayton process

Simulation model of the
prototype CoBra

Integration Scenarios

Scenario 1: Brayton HTHP with CoBra boulldary conditions fpr process heat supply of an industrial process

120 kW4, 250 °C, 0.5 kg/s
Heat sink process heat Industrial process _>
Brayon HTHP 1kg/s 15°C

15°C 0.5 kg/s
. . ‘

Heat source

&=

I~ . 5
ambient air
>

S

cenario 2: Brayton HTHP for process hea

15°C 0.5 kg/s
. . )

supply of an ind

250 °C, 0.5 kg/s

Heat sink process heat

Brayon HTHP

cooling process or
environment

|

Heat source

50 °C,1kg/s

trial process with exhaust air for the heat source

1kg/s

15°C

ambient air

=)

Industrial process

Figure: Methodology of the study
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Part load study — Results (1/2)

Scenario 1 - COP Scenario 2 - COP

* Scenario 2 has a higher efficiency than Scenario 1 at
all load conditions

Ry
. . . o 1,
* Expected increase in COP at low inlet temperatures ©
and increasing recuperation level
. . . 1 i ——— ——— ———r ——— 1 i ——— ——— ———r ——
* Benefits of rec_uperatlon cancelled out as inlet o T e 1o o e e e
temperature rises Load, % Load, %

—=—  Non-recuperated
—»—  Recuperated

Figure: COP of both integration scenarios
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Part load study — Results (2/2)

50Scenario 1 - heat source heat flow 5OScenario 2 - heat source heat flow
. . ] ] P
* Wide range of process heat flows are possible when z 407 /,,/*’j B I
. . . £ 30 - £ 30—
the heat source inlet temperature is not high S o // : 20_2/
* Type of process integration is critical to the intended = 12; = 12;
application

70 80 90 100

D
(=]

60 70 80 90 100
— Outlet temperature drops significantly at lower
he at source in |et tem pe ratures Scenario 1 - outlet temperatures Scenario 2 - outlet temperatures

10 30
— No waste heat necessary when low temperatures ° 0 :\\\ °§(5) ING ]
are required £ 0 — E \&\
é_zOE ‘\‘\\:\1 ;5‘ 10 7 \k
= g 5
30 +——1— \’ o\'
» If cooling is not required, no recuperation and high 6 70 80 9 100 60 70 80 9 100
heat source inlet temperatures are recommended Load, % Load, %

—s—  Non-recuperated
—»—  Recuperated

Figure: heat source conditions of both integration scenarios
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Conclusions

* A partial load capable simulation model based on a Brayton HTHP prototype was developed.

 The modelling of part load capable simulation models and the investigations are very complex and time

consuming, but can be rewarding in terms of optimal process architecture of the heat pump as well as the
process integration.

Outlook

* Other variations of part load considerations are possible, the methodology can be taken from these study, e.g.:
— Fluid inventory control by actively controlling the working fluid mass in the cycle
— Electric heater upstream of compressor as an example of additional integration of waste heat recovery

* Running the pilot plant at part load, validating and verifying the simulation based on the test results.
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Figure: Cobra-mascot on the Brayton prototype CoBra
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Why HTHP technology? temperature ranges Technological solutions
°C
High-temperature heat pumps are seen as a key
technology for efficiently using electricity from = 1500 ,Electrons” - Electricity
renewable energies in industry — 1000 Molecules” > H,, Carbon-free
— energy carriers
— 500
High-Temperature heat pumps
100

Figure: ,Thermometer” of the Future Process Heat Supply
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Brayton process

By absorbing mechanical power from the compressor shaft (P,), the
compressor (C) raises pressure and temperature of the working fluid
(1-2>2)

The high-temperature heat exchanger (HTHX) transfers sensible heat
(Qyyt) to the heat sink and cools down the working fluid (2 2 3’)

If the cycle uses recuperation, heat is transferred (Qint) over an internal
heat exchanger (IHX) to further reduce the temperature of the working
fluid (3’ = 3) before it expands through a turbine

The output mechanical power of the turbine (Pr) is used to partially
drive the compressor. After expansion the working fluid pressure drops
to the initial level while its temperature decreases significantly (3 2 4)

Finally, the working fluid absorbs heat (Qin, 4 > 1’) first from the

TIK]
2 system boundary 6704

,—‘— 620 -

1l compressor R0
HTHX c —hs'haﬂ <

520 4

I
- | 5 470
420
[ e |

370-

- IHX Y
I ]
turbine / 320
h_“‘a“ T LTHX =@ 270
v 220+
4 170

6,2

s [ki/kgK]

Figure: Scheme of the recuperated Brayton process (above) and
sketched T-s-diagram of the simulation model of the CoBra (below)

" QOH
environment in the low-temperature heat exchanger (LTHX) and Coefficient of Performance (COP): COP =5 _}T
subsequently from the fluid exiting the HTHX in the internal heat
transfer of the IHX (3’ = 1) to close the cycle.
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Design features of the Brayton HTHP Prototype CoBra

* Designed for two working fluids - air and argon

| system boundary framae e H
. . . ; D133.614 kW ~ |
« Compressor and turbine with own shafts and coupled to their | | oarokgs & i f%‘
electric machines through gearboxes [ B e P mass flow
i : 0533 kg/s J
l 443bar """""""" ' 1 AL (SOOI ¢ ' =|
* Three-way-valve (3WV) to vary the mass flow of the hot fluid N = ,,.,,eo.;|._| i |._|p,peo4A|¢9_%. - : Secaieroat
entering the recuperator | | 45.4314w | b S [Tiassartirorbarf
k '_6??00 "'””’ i mass flow |_ ) {700 °¢ : E‘EI l
. . s ratio i 4.65 bar ' ' .................. i
* Electrical heater upstream of the compressor to simulate an i ' i ¥ furteeeenees ; Tl et B
ye . . i ipe05 H 7 o
additional waste heat application | [piveoss| - [pioeus] ol | [owar
: vo- :l _____ compressor N train
I E compressor H
* Fluid inventory control by actively controlling the working fluid [ temperature shart T
. H H shaft
mass in the cycle . ——— st | speed
[ et e >| heater 1 f——4-------3
for—s al—l e st _l
+ Simultaneous supply of process heating and cooling ! [ JSfremter a1 [asec IFX = | gens
| e e  1.01 bar | control X@ _icontrol |
. . . . . . : : i oC | valve 1 : i valve 2
° Fle).(lble.second'ary heat Slnk CIrCUIt to experlmenta”y SImUIate I tem;.e.;;t.l;;e :_?_fi;f_g_f: )-15 mass flow L......_._.....i system pressure | !;! ::;::’::;ts
various industrial processes / customers R L LRy pppigy IR £ SRt (e e e = eed points
¥ :
@ |=_ fan 2 | vacuum pump || air dryer with buffer | controllable cor‘ntroollable

* Flexible secondary heat source circuit with controllable fan and
electrical heater as heat source to simulate an industrial
cooling process with waste heat recovery

components parameter

Figure: Scheme of the recuperated simulation model with design parameter (black
dotted line) and controllable components (red line)

i DLR
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Features of the simulation model

The compressor operation has been modelled
with its operational maps

The reduced mass flow rate in the turbine is
considered constant. In other words, it is
assumed that the turbine is always operating in
the chocked region of its operational map.

Heat exchanger with exchange surfaces and a
standard map for off-design in EBSILON®

Pipes with geometric based pressure losses and
heat losses

3WV, electrical heater and MFM (based on
CoBra) with constant pressure losses

P 1.013 bar
T 250.164 °C

Q=119.535 kW
M =0.500 kg/s

P 1.013 bar
T 15.000 °C

P 4.645 bar
T 55431 °C

P 4.441 bar

P 466

-—l T 272.428 °C
_ [

. E HTHX

[]Pso3

[]3wv
100 % g

o

[IPso4a

=
PS05

]
PS04B

[]MFM
[]Pso6

T 19.030 °C

Fio

Q 45365 kW

2

F 63000.000 1/min

Turbine
m_red_T =01

8 bar

Q 122916 kW
F 96426234 1/min
Feot Compfe%or@' _ theta_out = -28 °C
. P 1.000 bar
o resc P_C=122.916 kW
D P_T=45365 kW
[1Ps11
(IHeaterookw  Q_out=119.535 kW
_Fr’ Sg-ﬁ ng []Psogr10 _
e % Q_in =42.830 kW
“azmien | Qe COP=1.54
P 1.050 bar
Tswc C_mcorr=0.579 kg/s
|
C pi=468
P_1013 bar_
T 15.000 °C
I~ C_n=96419.174 rpm
2;1_:])‘5 LTHX @ ﬂ;??o%%ok';ﬁ. C eta=0.79
Pso7 P 1.084 bar P 1.013 bar
T 65401 °C T 27620 °C

Figure: Example of the EBSILON® Professional simulation model
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Operating limits and ranges of the controllable components of the CoBra
Components Control parameter Operating limits Operating range
Compressor Compressor shaft speed Surge and choke limit of the compressor ~ Map specific
Maximum shaft speed max. 105 000 min!
3IWV Mass flow rate of hot fluid into Limits of 3WV 0... 100 %
recuperator
Fan 1 Mass flow rate at heat sink secondary =~ Maximum delivery rate max. 0.67 kg/s
Fan 2 Mass flow rate of heat source Maximum delivery rate max. 1.2 kg/s
secondary
Heater 1 Compressor inlet temperature Maximum compressor inlet temperature  max. 100 °C
Heater 2 Heat source inlet temperature Maximum fan 2 inlet temperature max. 40 °C (+ 10 °C
temperature lift of fan 2)
Control valve 1 Compressor inlet pressure based on Minimal pressure of vacuum pump min. 0.25 bar(g)
Control valve 2 mass in the primary HTHP loop Maximum pressure after the compressor  max. 7 bar(g)
15-18 May 2023, Chicago, lllinois 21
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Scenario 1: Brayton HTHP with CoBra boundary conditions for process heat supply of an industrial process
15°C 0.5 kg/s 120 kW, 250 °C, 0.5 kg/s
ambient air Heat sink process heat Industrial process  |r————N10 R T
Brayon HTHP
cooling process Heat source |«& ambient air
Scenario 2: Brayton HTHP for process heat supply of an industrial process with exhaust air for the heat source
1kg/s 15°C
ambient air
15°C 0.5 kg/s 120 kW, 250 °C, 0.5 kg/s
ambient air Heat sink process heat Industrial process |————-BFT 1 I 11
Brayon HTHP
coolm_g process or P I TI— P
environment
50 °C, 1 kg/s
Figure: Scheme of the recuperated simulation model with design parameter (black dotted line)
and controllable components (red line)
# 9/4/2023 Enrico Jende | DLR 15-18 May 2023, Chicago, lllinois 22
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Range of industrial process conditions for the part load operations
Investigation Scenario unit Scenario 1 Scenario 2
Load % 100 60 100 60
Heating capacity kW 120 72 120 72
Heat sink inlet temperature °C 15 15 15 15
Heat sink mass flow rate kg/s 0.5 0.3 0.5 0.3
Heat source heat capacity kW - - 40 20
Heat source inlet temperature °C 15 15 50 50
Heat source mass flow rate kg/s 1 1 1 1
# 9/4/2023 Enrico Jende | DLR 15-18 May 2023, Chicago, lllinois 23
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Results of the Brayton HTHP - Scenario 1

cop Lorenz COP Compressor shaft power Turbine shaft power Compressor pressure ratio Brayton process mass flow
1.6 3.6 90 5 ]
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Results of the Brayton HTHP - Scenario 2

cor Lorenz COP Compressor shaft power Turbine shaft power Heat source heat flow Heat source outlet temperature
( 130 55 4 30
- * 1 — — ]
120 50:1 S e e z 2 L 25~
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Compressor isentropic efficiency Compressor inlet temperature Turbine inlet temperature ot —=—  Non-recuperated oa
75 110 ——  Recuperated
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