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Waste heat recovery from industrial sites
(~35°C & ~230°C) with advanced heat pump technology to obtain heat
(~130°C)

In an energy-intensive industrial site such as a steel plant, there is plenty of medium and low-
temperature waste heat which could be recovered for heating purposes with advanced metal
hydride (MH) heat pumps.

Compared to other heat pump systems the MH heat pump has some distinct advantages
including low electrical power input, environmentally friendly working medium, compactness,
and high-temperature heat delivery.

Key challenges, however, are identification of suitable alloys and their characterisation for
high-temperature MH heat pump application. This needs to be done before any theoretical and
experimental analyses can be performed.

To address these, a test rig for the high temperature MH heat pump research has been
designed and fabricated. Correlation models for MH alloy selections and initial characterisation
of MH alloys have been developed followed by the development of a transient heat pump
simulation model.
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Comparison between metal hydride and
absorption heat pump cycles
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Selection of metal hydride alloys
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For each reaction process, the van't Hoff’s law

applies with following form;
AHX1000 AS
i

2 RT

lnPH

To facilitate the MH alloy selection, P, and P, are assumed the same as P, and P, ,

correspondingly. In that case, the following formulas will follow:
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MH alloys to be selected-thermodynamic analysis
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Applicable MH alloy pairs for T,

Identification of applicable MH alloy pair for the MHHP system

=130 °C

Pair No. Mil alloy pair con COAe W W Pa A1)
T MM slioy. LT MM alioy [ ™ bar C
2 [LoNiwAl. GaNiGu. 0.9a6 1.422 0.666 0.58 e 53322 23.20
2 LaNigAlyy Cay Nig o Cugy 0.995 1.538 0.647 Q.395 a 35.947 44.30
2 LaNigelys CaNip Gy, 1.003 14064 0.685 0.589 a 56.178 26.5%
a CaNi, CaNiyCuy 1.032 14882 0.687 0.525 1 53,122 44.05
Y aNi L, CaNi. G Sl hadia (W1 Qw Fe 1T v S0
o ANiaAl Zryy T CGrosFas s 1.251 1.532 0.816 2.06 1 25.079 3262 ]
n Qo TIRE pcu aasiee T T 12 »
s ANia Al Tice? o caVie saF fooaCrocaMng ae 1299 1572 os27 213 1 105369 3925
5 [LaNiaAl, Z ria T CrosF oy 1301 1099 o706 0.3 1 58.536 aacs
10 Tio ne? 0 02V 41F i0.09CF 0,02 WAy s 1321 1.580 om33 138 1 105308 15518 224,22 3147
11 L36 6¥5 aNle sMng 1.329 1.703 0.781 0.867 i 56311 &.7e9 221.04 4627
12 L o¥o aNla sMine s 1.330 10858 o.7u9 0.098 1 50321 ©.3a2 221.70 as.1s
13 a1 0.0 ca My ag 1388 1.509 omse 1.25 1 305369 23.3a2 19823 as.21
14 [Cenirr 1.439 1.611 0.893 3.a5 1 140.580 22112 21826 28.39
15 |taNisAlos CeNiorr 1464 1604 oo13 287 1 130,580 23 3a2 z14.01 4047
i LaNIg 53 Mg 23lln 35 |Lag 4V aNlssMng 3 1.375 1.714 .80z .52 i 5G.311 s.232 219.40 4820
iz LaNIg 53 Mg 5l 55 SCrg ey s 1.349¢ 1.710 .78/ 0.56 1 L8536 r.232 221.47 A0.C8
18 |LaNiwMr,; 63 F S i em MDY an 1330 1575 osaa 108 1 105369 22112 202,04 a5 89
19 1.226 1.477 o.898 2.50 1 129.697 23.342 209.49 26.44
20 [ Tio mZromVo s o oaCromMriy 1312 1.567 e 122 1 1a5.585 23382 21599 3a.53
2 Z raTiooGro d-es s 1301 1.081 0.774 ©.7a8 3 58,530 .34z 223.71 az.se
22 ! Yaabilaatl 1295 Jealad, LB29, A2 2 14,522 Loz, 22131, AGLD,
23 [Nt iy 1.272 1.417 0.298 2.713 1 125.899 20.032 207.85 35.55 l
24 o Ea Ta/a 1504 ©.751 z T 1see0 | 1o/8 | 22sas | 29as |
25 |LaNiAl, CeNiCus 1,039 1452 0.716 ©.494 1 51122 15,518 18289 a6.57
E LaNLL 1 My sl g s |Gy sNis Cusn 1.003 1.546 0.Gas Q234 1 35.947 7.232 196.62 4G94
27 LaNig Mg CaNisCuss 0887 1.447 0.cEe 0.538 1 56178 2.641 204.62 25.59
28 |LaNigMig CeyNisiCusr 0872 1.524 o628 ©.313 1 35,947 6.342 19960 a1.62
. -
Applicable MH alloy pairs for T,,=140 °C
Pair no MH alloy pair coAa COAc v w, w, Py Py T T
HT MH alloy LT MH alloy = - - kg kg bar bar °C L =
1 LaNiagsMnoas CeNizCuz 0954 1.405 0679 054 1 57.100 12.669 205.44 35.69
2 LaNiasAlos CeNizCuz 0956 1.421 0673 059 1 57.100 12.816 207.81 36.29
3 LaNiggsMng as CeNi 25Cuas 1.026 1.447 0709 0538 1 63.472 12.669 210.83  38.08
4 "‘ﬁ"‘“.li‘ NiaCus s 464 0,589 63,4 816 4 8.6
| - LaNiy oo Zrp ol T
= 11 [y e o e - 18 s . T = oA -
7 LaNiysAloz CeNi,Cr 1.288 1.477 0.873 495 1 146.246  30.032 216.25 38.20
i) LaNissAlo> CeNiCrs 1.417 5.41 1 125,899 207.85 35.55
o TINT, AT s CENT;CTs T2 TATS U870 T TS BITZE 6T 22038 TS
11 Fep g Nip2Ti CeNi 25Cuz 5 0.996 1412 0.705 0.464 1 63.472 10.655 212.62 30.05
12 Feg gNio 2 Ti CeNizCuz 0.922 1.373 0.672 0.465 1 57.100 10.655 207.61 26.98
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PCT Phase diagrams with correlations and measurements

1000
O T=90°C Absorption-experiment O T=110°C Absorption-experiment
A T=130°C Absorption-experiment ——T=90°C Absorption-correlation
——T=110°C Absorption-correlation ——T=130°C Desorption-correlation
100 — — Transition curve
Critical point
- 10
[
]
&
b
=3
2
@
&
1
0.1
0.01

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 13
Metal hydride concentration (wt%)

Figure 6 PCT phase diagram with correlations of three regions using limited measurement data

for MH alloy LaNis2sAly.7s isothermal absorption
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Figure 7 PCT phase diagram with correlations of three regions using limited measurement data

for MH alloy LaNiy25Alo 75 isothermal| desorption
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Average relative errors between correlations and measurement data
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o region o+ region B region
MH Alloy Absorption | Desorption | Absorption | Desorption | Absorption | Desorption
% % % % % %
LmNis.01Sno.is 10.35 18.38 4.03 6.47 1.49 2.13
Tio.90Z10.01 Vo 43F€0.09Cr0.0sMn 5 20.99 9.32 9.89 1.95 2.20 1.28
LaNissAlo s 13.79 9.68 9.54 5.90 1.99 1.31
ZrooTio CrocFer s 10.25 10.61 2.40 4.92 2.27 1.43
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Test rig development of MH heat pump system
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Description of operation cycle

Low-pressure operation c->d
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Description of operation cycle

High-pressure operation a->b
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CFD model
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Schematic of the coupled reactor and its operating
cycle on a Van’t Hoff plot

Two purposely designed metal hydride reactors in a MHHP system

Design data for each MH reactor and connection pipe

Reactor |Dog | Dis | DOwn |Dimn | Do  |Die | Dow | Dia
(mm) |(mm) |@m) |@mm) |@m) |@mm) |(@m) |@mn)

MH1 12.7 9.52 334 27.86 42.16 36.62 12.7 9.52

MH2 12.7 9.52 334 27.86 42.16 36.62 12.7 9.52

Model Equations

Mass equation:

Pom __ -
a—& He. = ™

Energy equation:

(PCpI 22+ pyCEV, VT, = V(K. VTy) + m[AH + T (Cf — €M)

Effective thermal conductivity:

Keopr = EKg + (1 — K,
Absorption reaction kinetic equation:
g = Cq exp (— )ln (_)(psae — Ps)

Desorption reaction kinetic equation:

_ Pog—P,
Ty = Cqexp (—£2) (Ze2="2 Fog D (Psac — Psd
Van’t Hoff equation:
AH as
nFeq = —m +t=t fs(C — Crmax/2)



CFD model

Performance parameters
The Coefficient of Performance (COP) of a metal hydride heat pump :

COP = QmAa+Qm.B
QH

Where Qg represents the high-grade useful heat input obtained at the heat input temperature,
Ty. Qpr denotes the heat output at Tyy.

Qu = nAHp,g + MpCpp(Ty — Tum)

Qma = NAHyq — maCpa(Tyr — Ti)

Qm,p = nAHp,q + mpCpp(Tu — Tm)
The average heat transfer rate for each process over the time period from the starting time t1 to
the end time t2, with a duration of AT can be calculated as follows:

2l ftt12 Qdt

Q= &
The specific heat power defined as the cumulative heat output obtained over a complete cycle
per unit mass of alloy:

Qm
SHP =
(ma+mplteycle
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model validations
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Design and operating data and properties

Metal hydride
Process AH AS Conax fs E C./Cy cr (o4 kerr £ p
alloy
24500 92 0.216 26000 265
Absorption
[20] [20] 1.47% [31] [20] [20] 8400
Zro9Ti0.1CrocFe14 4.028 0.507
29770 104.13 [30] 0.251 23500 45 [20]
Desorption
[20] [20] [31] [20] [20]
419 | 14890
35900 102.5 0.963 24065 57
Absorption
[32] [32] 1.13% [31] [34] [35] 7600
LaNis2sAlo7s 2.944 0.645
38300 106 [33] 0.94 19430 9.57 [33]
Desorption
[32] [32] [31] [34] [35]
Designed operating condition
High-grade heat source temperature (Tn) 493 [K]
Medium heat sink temperature (Twm) 373 [K]
Low-grade heat source temperature (TL) 313 [K]

HTF mass flow rate

0.14 [kg 5] (u = 0.9 m/s)




Temperature distributions
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Dynamic parameter variations
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Performance evaluation at different operating conditions
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Effects of thermal conductivity
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Conclusions

One metal hydride pair has been identified for the high-temperature MH
heat pump;

Correlation models of PCT phase diagram have been developed to
characterize any MH alloy based on limited measurement data;

A transient model of the MH heat pump system has been developed,;

The model can be used for the optimisation of system design and
operation.
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