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Takmg IHPs from hot water to steam
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* Numerous worldwide installations of industrial heat " Process heat from 100-200°C makes up 20% of all industrial
pumps for hot water supply (<100°C). process heating demand.
= Simultaneous process cooling can also be achieved. = Steam generation is ripe for industrial heat pump innovation, an

area served by natural gas boilers currently.




Steam requires high temperature lifts, high temperature sources

= Assume a heat sink of steam
at 3 bar (130°C saturation
temperature).

= Typical achievable efficiencies
for IHPs are 40-55% of
Carnot.

* To maximize efficiency, utilize
process waste heat, not
ambient source.
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The optimal refrigerant is application specific

Refrigerant GWP Critical Temp. Normal Boiling Point | Isothermal Compressibility at
°C °C 40°C, Quality = 0, I/MPa
I |18
0

R1233zd(E) 166
C.H,, (R600) 4 152
R1234ze(Z) <| 150 10
NH, (R717) 0 132 33
R1234ze(E) <| 109 219 .64
CO2 (R744) | 31 -79

* The higher the critical temperature of the refrigerant, the higher steam
pressure that can be produced with a competitive COP.

* Numerous considerations exist include flammability, toxicity, local
regulations, and material compatibility.
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CO, Heat Pumps

* Recuperated transcritical CO, cycles provide
an efficient alternative to vapor compression
cycles

= 60 MW CO, heat pump installed by MAN at
Esbjerg to replace fossil boiler for district

Typical CO, Heat Pump Cycle
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Centrifugal and screw compressors are viable options

= Key to performance of a high lift, vapor-compression cycle is a multi-stage
compressor with economizer flow injected at intermediate pressure.

" Screw compressors can excel for
high temperature lift requirements
with two-stage units having gone up

to 9 MW drivers.

" Centrifugal compressors present
higher achievable isentropic
efficiency and can be used for the
highest capacity applications.
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Compressor sealing and bearing design

" Dry gas and oil seals are viable options,
with separation technologies a major
factor in choosing between them.

" Magnetic bearings have become adopted
from numerous OEMs for centrifugal
chillers.

— Advantages: Hermetically sealed, oil-free
designs.

— Limitations: Less mature for large
Ca—Pa—City SyStemS, Power OUta—ge riSkS Johnson Controls, York Mag Bearing Compressor

that can disrupt the process.
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Heat Exchangers

* Plate heat exchangers present high performance with low approach temperatures
(~2°C).
" An industrial heat pump condenser for steam generation presents unique design
challenges:
— Refrigerant being condensed.

— Water/steam being evaporated.

" Semi-welded designs or custom gaskets can

be required based on refrigerant.

|:| Feed
Steam Vapour

] ]

: Condensate - Concentrate

= Diffusion bonded and shell and tube heat

exchangers are also options.
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Process integration factors

" Required steam conditions
may necessitate additional
steam compression equipment.

= Evaporator requires
customization dependent on
waste heat source.

= Compared to a steam boiler,a
greater number of variables & \
exist during operation and
startup.




Use case: Dairy pasteurization facility

= Ultra-high temperature (UHT) Air-cooled Steam

pasteurization involves exposing dairy condenser distribution

(NH; heat pump)

milk to temperatures of 138°C.The
process heat comes in the form of

steam.

* Existing infrastructure at a San Antonio
dairy plant includes natural gas steam

boilers.

* NH; heat pumps are used throughout

the plant for refrigeration.
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Use Case: IHP Architecture
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* NH; refrigeration heat source makes steam generating IHP possible in a
vapor-compression cycle architecture.
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Use Case: Thermodynamic cycle perspective

Fluid: R1233zd(E)
1l COP: 2.91
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Use Case: Technoeconomic questions

" What level of CO, emissions reduction can be achieved?

— What is the carbon intensity of the power source!

* What payback period can be achieved!?

— How do electricity costs compare with natural gas costs!?




Use Case: Carbon intensity of the power source

" Over time, increased retrofit from coal to natural gas fired units and
increased renewable penetration decreases the carbon intensity of grid

power generation.
Flexible Path>" Reductions
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Use Case: Significant CO, emissions reduction possible

* Natural gas boiler assumptions:
—  Thermal efficiency:80%
— Energy density: 1037 btu/ft3
— Emissions coeff.:.0549 kg CO,/ft3

" |ndustrial heat pump assumptions:

— COP:2.91 for equivalent steam

thermal output.

— CO, intensity year-to-year from

CPS, San Antonio utility.

= 85% emissions reduction by 2035.
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Texas Natural Gas Industrial Price (Dollars per Thousand Cubic Feet)

[ ] Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Now Dec
Se ase o (: 0 n O m I c aCto rs 2001 9.34 635 524 536 480 389 345 343 2.62 232 310 266
L 2002 2.85 246 282 293 362 351 350 322 332 375 408 422
2003 495 592 829 516 538 6.53 539 494 487 4.47 444 501
2004 5.80 541 510 3551 6.03 6.57 611 599 3.17 541 711 636
2005 588 587 621 710 6.65 6.44 708 768 10.08 10.96 1079 892
R . 2006 §.94 757 682 698 6.94 5.99 592 658 6.34 4.41 6§95  7.13
[ ] ‘ PS d t I t . 2007 6.00 710 714 716 7.53 7.68 691 592 545 §.35 702 7.03
In us rla‘ user ra‘ es‘ 2008 7.02 792 890 941 11.09 11.87 1293 932 8.12 7.24 58% 622
2009 5.47 413 377 380 346 3.78 409 366 2497 397 445 498
O49/kWh I . 2010 6.14 5.75 496 419 4.40 441 497 481 391 397 3.52 439
- . e eCtl"lC 2011 435 453 401 447 4.50 436 439 464 417 392 363 345
2012 331 290 255 22 222 2.66 301 332 292 3.28 365 390
2013 358 348 365 427 448 438 381 377 3.80 375 383 411
— $4 I 5/ I OOO ft3 gas 2014 4.63 569 505 487 3.03 482 430 436 435 426 398 450
[ ]
2015 338 311 301 288 282 3.04 3.08 313 295 278 229 238
2016 245 239 188 208 2.14 216 298 3.02 3.15 322 293 333
m . h . b° I . o I . 2017 3.84 343 281 3.34 337 351 340 319 321 3.11 298 321
I I |g er varla | |ty In natu ra gas P rlces 2018 335 381 289 301 3.13 325 322 302 321 3.50 387 486
2019 3.92 327 305 295 2385 284 261 240 255 2.56 278 254
o« o 2020 232 210 204 186 1.99 1.89 1.74 218 2.64 2.49 312 3.03
CO' I lpa red to e I eCtrl C |ty 2021 276 1581 306 287 331 345 405 440 481 6.11 620 557
[ ]
2022 487 630 467 574 752 8.90 6.82 836 381 5.53 479 623
2023 4.49 287 247 209 2.10 233 277 271 267 271
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Use Case: Outcomes

" Energy savings of | 1% for the equivalent steam thermal output from the IHP.
* Replacement of existing steam boiler would be |10+ year payback period.

= Use of IHP for new installation can have attractive payback period compared
to natural gas boiler, dependent on unit cost.

Payback period Cost of IHP ($/kWth) | Cost of Boiler ($/kWth)
(Rissman, 2022)

2 263 234
4 286 234
6 305 234
3 320 234
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Conclusions

" [nnovation with industrial heat pumps can open up market possibilities
for steam generation.

* Current compression technology is feasible for high temperature lift
requirements, but more development is needed.

" Performance is paramount to making an economic case for steam
generating |HP.
— High critical temperature refrigerant for latent heat transfer.
— Energy efficiency improvements for the facility, not just process heat.

— Condensing turbines are a future area for development.

" Decarbonized power sources drive emissions reductions.
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