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An example of thermochemical energy storage
- portable calefactory -

# Portable calefactory
(warmer), HOKARON, uses
chemical reaction of ion
with oxygen

y HOKARON, 20 h,
Tavrg=51°C
@ Fe(OH) T 10 —=05°C

I http: i kenko.
Chemical ttp://www.lottekenko

) co.jp/products/hokaron
reaction /index.html

Fe(OH),

Open a package!
Fe+3/40, + 3/2H,0 -> Fe(OH); , AH = -401 kJ/mol

Y. Kato, Tokyo Tech, 2011 4
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Example of chemical heat pump

Heat output

/!

Hydration —=—

MgO + H,O = Mg(OH),

-~——Dehydration

Heat storage
AH= -81.0kJ/mol

(a) reaction & phase change batch type

Kato, Kagakukougaku Ronbunshu, 19 (6), pp. 1213-1216 (1993)

Y. Kato, Tokyo Tech, 2011 6



MgO/H,0 chemical heat pump

' Reaction
MgO(s) + H,0O(g) = Mg(OH),(s) AH,=-81.02 [kd/mol]
H,0(g) = H,O(l) AH,= -40.66 [kJ/mol]
H,O H,0
,0(9) 740- ,0(9)
300°C 200°C 70-120°C
MgO HO =) (Tmgon),| | Ho | <3
1200C e
dehydration condensation hydration  evaporation
(a) Heat storage mode (b) Heat output mode

Fig. Principle of MgO/H,O chemical heat pump in heat amplification mode
Y. Kato, Tokyo Tech, 2011



Classification of chemical heat pumps

Separator ..

(a) Reaction-Phase change
(b) Reaction-Reaction

Gas-solid Gas-liquid Gas-solid Gas-solid = (C) ReaCtion'Separaﬂon
reacton  phase reaction 1 reaction 2 Forward  Backward
Change reaction reaction
(a) (b) ©
<&, m): thermal energy, 7 : separation work, <==: gas flow
Table Classification of chemical heat pumps

Operation batch Continuous

Reaction Gas-solid Gas-liquid

phase

Driving | Gas-liquid phase Chemical distillation,

: : membrane compressor
operation change reaction :
separation
Driving : Reaction : Reaction
Reaction pressure concentration

force pressure pressure
Reactor

System (a) (b) ()

CaCl,/NH,
Reaction Ca0/H,0, CaO/PbO/CO,, Acetone/H,, Isobutene/ H,0,
MgO/H,0, Absorption heat
example : Metal hydrate/H, benzene/H,
Adsorption heat pump
pump

Kato, Thermal Energy Storage for Sustainable Energy Consumption, Springer, pp. 377-391, 2007.



Type of chemical heat pump
(a) Reaction-Phase change type

(l.l)

1

i

Gas-solid Gas-liquid

reaction phase
change

(1) Heat transformation type operation

Heat source: medium temp. @,
Heat output: high temp. @,

@)

T, [°C]

500 300 200 100
|

10% I \D ‘
: r
H,0(9) -

| 102 &(
> laomy| | " = ®

| T , \
1) dehydration (2) condensation £ 10!
(1) dehy (2) = 10 Qd?(}

MgO+H20 <\> Mg(OH)2 (2)

| i
@‘ MgO Ho | <J 101!

(4) hydration (3) evaporation

- R T Y R E N A H R R
0.001 0.002

[ N R B T
0.003

1T [1/K]

Y. Kato, Tokyo Tech, 2011
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€unn)

Type of chemical heat pump e
(a) Reaction-Phase change type ... .

reactlon p ase
change

(2)Heat amplification type operation @
Heat source: high temp. @,
Heat output: medium temp. Q,+Q,
cold output: low temp. Q, T, [°C]
500 300 200 100

103 \ | P20 3
H,0(0) | |

f |n|thd

m) | mgoH),| | ° =) z <1‘

= ﬁ . 'E‘ :

(1) dehydration  (2) condensation £ 10! -
o

MgO H,O 10-1
0.001 0.002 0.003 0.004

(4) hydration (3) evaporation 1/T [1/K]
Y. Kato, Tokyo Tech, 2011 10




Type of chemical heat pump
(b) reaction & reaction batch type ..

Main reaction e
| / H eat O u t p u t <:f:S-SOIid Gas-solid
Carbonation = 1(br)eacnonz

CaO + CC)2 = Ca_CC)3 AH= -178.3 kJ/mol

Decarbonation
o, a0 o i
i ® Measured ca.il'bonaﬂ'on cond.
o w 1o Degarbonaﬁon equilib. cond.
. of 870°C,1.0aim " a2
- Survey of CO, storage reaction e, soum 1
0.8l i ,
P bO/CO R 0.7+ 300°C,0.7atm J
) 2 E osr '.
o 837C,0.5atm | N
&8 DIS_Measured.' 55°C,0.42atm '. >® 300C.05atm
g 04 Odr" 824°C,0.4atm :‘e‘mzjﬂrm
. ey - : 03} COpais .
Fig. Equilibrium relations between Ca0sC0p > Cacoy 2| Bt o 200 by Paet
CaO and PdO with CO2 for CHP o L n
Kato, Y., J. Chem. Eng. Japan, 30 (6), T K
1013-1019 (1997) Fig. 8 Sample conditions for practical operation of CaO / PbO

/ CO2 chemical heat pump



CaO/Pb0O/CO, chemical heat pump

for high-temperature y: o A

Gas-solid Gas-solid
reaction 1 reaction 2

CaO(s)+CO, (g)=CaCO0O4(s), AH°,=-178.3kJ/mol (1) o)
PbO(s)+CO, (g)=PbCO4(s), AH°,=-88.3kJ/mol (2)

Low-pres. High Pres.

830°C oooeC 460°C

S>> (| caco, pbo | <
300°C
decarbonation carbonation carbonation decarbonation

CaO

(a) Heat storage mode (b) Heat output mode

Fig. Principle of CaO/PbO/CO, chemical heat pump in

heat transformation mode
Y. Kato, Tokyo Tech, 2011



Separator .

Type of chemical heat pump

(c) continuous type e
Acetone/Hydrogen/2-propanol: organic reaction ©

(CH,),CO +H, <-> (CH,),CHOH, AH=-100.4 kJ/mol
(-> exothermic, <- endothermic)

Heat transformation from 80 °C to 200 °C

Continuous operation

Gas-liquid
P, A, H separator
) ) A, H j\
80°C 200°C
# —
— P A+H—P
2-propanol P—A+H—1— Distiltion Heat
decomposition columun  exchanger F]Ac(:jetq[_ne
catalytic ~—Fp p —— fhyaration
reactor catalytic
reactor

Y. Kato, lokyo lech, 2011 13
Kato, Kagakukougaku Ronbunshu, 13 (5), pp. 714-717 (1987)
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Chemical heat storage for

Cogeneration
() (b)
LS -<H,0
Mg(OH) MgO
22— Conden- hydration
| 1) y Evapo-
h t :
dehydration| n_ - sation él Evap:
Exhaust gas _
boiler
(_% Exhaust gas (_%7 Jacket
heat Electrical — coolant
Air = output
ot / Standard | I
Fuel Engine ]_> output ]
Generator

1: MgO reactor, 2: water reservoir

Fig. A cogeneration system combined the heat pump and a cogeneration engine: (a)
heat storage operation, (b) heat output operation

Y. Kato, Tokyo Tech, 2011 15



Application of CaO/PbO/CO, CHP on
high-temperature process

(a) Conventional system (b-1) Heat storage operation =

Generator

Steam Turbine

High
Temp. DTr Gas Turbine
Gas Tintr

Reactor Eg,>Epg;

Heat Flow

T.>T4 T,

Fig. Load leveling of high temperature processes
by CaO/PbO/CO, CHP

Y. Kato, Tokyo Tech, 2011 16



Contribution of chemical thermal energy
storage for heat process

Electricity

Cogeneration Cogeneration
engine engine
Chemical

) —
5 Exhaust heat storage
© gas heat
[}
Q @
S
= | Heat
= Exhaust gas S‘ﬁrp = Exhaust gas process-2
= boiler 2l boiler U
X
i
v \ 4
Heat Heat process-3
process-1 v process-1 U
Environment Environment

Fig. Contribution of chemical heat storage process on cogeneration system;
(a) conventional cogeneration system, (b) combined system with chemical
heat storage process

Y. Kato, Tokyo Tech, 2011 17



Benefit of chemical heat storage

i Higher energy density compared with
ohysical change -> Compact storage

i Long-term storage as reactants with small
thermal loss

i Operation temperatures of storage and

output are variable by choice of reaction
conditions

i Theoretically!

Y. Kato, Tokyo Tech, 2011 18
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Heat storages at middle temperature

(100-350°C)

' Heat sources at middle temperature (100-
300°C)
— Energy trend of vehicles

' Development of chemical composite materials
— Chemical heat storage for medium temperature
— Survey of chemical reactions for heat storage
— Chemical composite materials
— Thermo-balance measurement

Y. Kato, Tokyo Tech, 2011
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Waste heat potential [KW]

Excess of waste heat from internal-
combustion engine vehicle

Automobile of Inner Combustion Engine: 20% of fuel energy for drive

50
40 Exhaust-Gas from
-Large Diesel Engine
30 . Radiator from Large DE
20 Rad, DE
Rad, Gasolie E
Ex-G, Gas E
e <
0
0 200 400 600 800

Emitted temperature [°C]

Drive
20%
Combustion Friction
Energy Loss 10%
Engine body L.
10%
Radiator L.
Exhaust Gas L. 30%

30%

Fig. Automobile waste heat potential
(up) Energy balance, (left) Temperature

distribution

Ref. Suzuki, K.; “Map 11: Technology Road Map for Thermal Energy
Management in Vehicles,” HONEBUTO Energy Road Map, pp. 105-113,
H. Kameyama and Y. Kato ed., Kagaku-Kogyo-Sha, Tokyo, Japan
(2005)

Y. Kato, Tokyo Tech, 2011 21



Lack of waste heat for HV, EV

ICE Hybrid’ HV’ PRIUS 3rd’ ht-tp://wwv;/;:;yot.co.jp/jp/news/09/12/nt09 087.html
Toyota, 2008-. PHV _

15,1997, 2nd; 2003 12 ;\F]’Fn '/T("\‘;‘Vh
http://toyota.jp/prius/ ( )

y /4 -10 million JPY

Fuel millage improvement
Induces decrease or absence Electric vehicle, EV
of waste heats Tesla, Roadster 2.5

http://WWW.tesIamotors.cw({g%\gs 64%751cl)lelrglc\11|e\%/éﬁ5 29



Concept of Thermal Hybrid Vehicle

Thermal battery

Heat output

"Power controller
work —= _
Axial output

a

(Surplus work)

N

Electrical battery

Fig. Hybrid system with a middle-temperature chemical
heat pump and a high-temperature process in
comparison with electric hybrid system in vehicle use.

®Vehicle thermal energy
management for efficient
fuel use and reduction of
CO,:
W Utilization of excess
exhaust heat
B Heat source for cabin
air-conditioning of
electric or fuel cell
vehicles
B Period reduction for
Cold-Start

Y. Kato, Tokyo Tech, 2011 23



Possibility of chemical thermal energy storage

Fig. Map of volumetric
density on thermal energy
storage of energy materials
VS. operation temperature
(chemical change is based
on product considering
practical particle vacanvy.
Temp. of 1000 deg. C is
assumed for combustion and

battery.)

Ref. Y. Kato, “HONEBUTO
Energy Road Map”, Kagaku-
kogyo-sya, Japan (2005)

Energy density [GJ/m3]

100
@® Chemical A4 MetalHydride Carbon#ﬂ
] Latent heat € Battery
< Molten Salt = Combustion
V' Adsorption Ethanol <
Middle Tmp.
10 —
High-Temp. Target
_II_(;\;\g;emp. Conventional upper limit NaF
(MR Vapor — == g TTiOH CaCOo @
Z-~ @® MgCO.@Ca0OH), LF
- Mg(OH), 4
1 _- @ NiCl,6NH., © _Liion
LiNi5H6'§<EEHéN—ﬁw/fS|hca gel/H,,O NaCl
T Super AC/Ethanol
H.O — Elithlitor
204 @W\\ < NaOH
Ice _ Na_HPO ,12H.C
1 Ln-Eicosane Na,s0,12H,0
n-tetraDecane CaCl.6H.O
01 ] i PRy 1 ] ] |
300 400 600 800 1000 1300

Temperaturedirokyo ech, 2011 24



Metallic oxide, chloride reactions for
chemical heat storage

MO+H,0 -> M(OH),

' MgO+H, 0O — Mg(OH), for 350°C

'+ CaO+H,0 — Ca(OH), for 550°C

' CaCl,+nH,O0 — CaCl,.nH,0 for <100°C
MO+CO, -> MCOs,

' Ca0+CO, — CaCOq, for 850°C

' PbO+CO, — PbCO, for 450°C
MCIl,+nNH; -> MCIl,.nNHj,

' BaCl,+8NH; — BaCl,.8NH, for <100°C

Y. Kato, Tokyo Tech, 2011 25



Survey of chemical reactions for
heat storage

MO+H,0O -> M(OH), Po=T(T)

K — [MO][HZO] . PHzo
[M(OH),] K
— AG
RT )

P,=1.01 X 10° Pa

K =exp(

Y. Kato, Tokyo Tech, 2011



Metallic oxide/H,0

Temperature, T [°C]

100 . 50Q 300 200 100 50
S ‘\ f \ | | ——(1) MgO/H:20
AL \ -— (2) CaO/H:0
B (6)\ — — (3) ZNO/H-0
= 10 L.oioto N A ‘\ ,,,,,,,,,,,,,,,,,, (4) NiO/H20
% : ‘. \ ‘. \'._‘\\ ----- (5) CoO/H:20
S T %S || —© Feomo
% ' \ \ "‘ ‘\\ -=-= (7) CuO/H20
8 R i \ ] \\'\\ --—— (8) BaO/Hz0
) i v\ P (9) SrO/H20
5 | \ N, \ N ‘ d
9 ~109) ?‘\(8) \(2) (1) (7)‘ ) (3)
) o\ e |
= L YO A W S B W N ,,,,,,\ ,,,,,,,,,,,,,,,,,,,,,,,,,,, f
a 04 3 \ AN
, . | \J -‘ \
v\ AR
) 8O
0.01 L. \\\\ ‘\'i‘\” "
0.5 1 1.5 2 2.5 3 3.5 4 4.5

Inverse temperature, 1000/ [K}]

FeO/H,0

CoO
NIO
/N0

Y. Kato, Tokyo Tech, 2011
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= N
= ol N ol

©
Ul

Volumetric heat storage density [MJ/L]

Heat storage density

® Metalic oxide/H,O (e=0.6)
>0 Metalic sulfate/H,0(&=0.6)
€ Latent, Sensible heat(e=0.0) |-

OHZO condensation heat
®FeO

®CoO MgO 7 N|O+ HZO — N|(OI_)2
° CoO+ H,0 — Co(OH),

- NiO ,Sodium acetate sensible heat + H — Cu(OH
®, 7nso, CuO+ H,0 (OH),

Zn0O OCuO

B
; CaSO -
4 @wso

H,O Iatent heat (90->50°C)
NISO DXc:oso

0 50 100 150 200 250 300

i 0]
Decompotion Temperature [°C] Y. Kato, Tokyo Tech, 2011 28



Working temperature expansion for 200-
300 °C heat recovery

Temperature, T [°C]

Dehydration (decomposition)

process corresponds to heat storage R e R e e
Mox'(HZO)n — I\/on - nHZO i § — Mg(OH)2
T 10\ i) ™ Ni(OH)2
MgO/H,0 E - |— Co(OH)
— - ‘ 3 2
with high-reactivity o : f O
+ :5. 1 R AN\ T -—
Chemical materials having = ; *
lower decomposition 0 o1l \N N\\ 1
temperature; Ni(OH), -
0.01
1 15 2 25 3 35 4
Mixed metal Inverse temperature, 1000/T [°C]
iX
hydroxides Fig. Chemical Equilibrium Lines of Metal
MgxNi1x(OH)2 oxide/water reaction systems

J. Ryu, R. Takahashi, N. Hirao and Y. Kato; J.
Chem. Eng. Japan, 40 (ZO\QQﬁ Ol%foiklyolgegﬁ 2011 29



Effect of mixing

0)
i RN 5°C/min, Ar flow | |
. 5 Y ]
X i
R
o -10-
o) I ~
- i N\
© I \
G -15 \
§ | == Mg(OH)2-Ni(OH)2
s - | ——Mgo.5Nio.5(OH)2
_ZO,
I \ .
| \\;
25" -

150 200 250 300 350
Temperature [°C]

Fig. Thermal decomposition (dehydration) curves of a composite mixed
hydroxide of Mg, -Ni, .(OH), and a physical mixture of Ni(OH), - Mg(OH),.

J. Ryu, R. Takahashi, N. Hirao and Y. Kato; J. Chem. Eng.

Y. Kato, Tokyo Tech, 2011 30
Japan, 40 (2007), 1281-1286.



100

Reacted fraction, x [%]

Mixing ratio control for the shift of
decomposition temperature of chemical
composite materials of Mg _Ni, (OH),

(o0]
o

-y
Lol Y

'[Mg,Ni;_,(OH),| ~.* .

>
0257 %\
Ni(OH), (@ = 0)-, }

- [59C/min, Ar flow

0.50 ”/‘T?\\ \

\
VN

-,
LT I

150

200 250 300
Temperature [°C]

350

Fig. Dependency of « on thermal

decomposition curves of chemical composite
materials of mixed hydroxide of Mg Ni, ,(OH)..

M Reduction of decomposition
temperature of Mg(OH)2 is
possible by the composite
material methodology, and the
material can widen operation
heat storage temperature by
changing a mixture ratio
between mixed metal oxides in
the composite chemical material.

M Heat storage (dehydration)
temperature is able to be
controlled by the mixing ratio.

Y. Kato, Tokyo Tech, 2011 31



Hydration reactivity of composite
material

100

Reacted fraction, x [%]

(o]
o

——— 400
S . -
1 Vapor ; Vapor ]
B iA/suppIy start 300
A 250
’ \
: ! 200
E Mgo,sNIo,s(OH)zl ]
| - 150
bbb - 100
_E)ehydr < Hydration | 1 50
|T4=280°C, T,=110°C, P,=58 kPa 16
50 100 150 200
Time [min]

Fig. Hydration reactivity of composite mixed
hydroxide of Mg, sNi, s(OH), and simple Mg(OH),,
under the same dehydration and hydration
conditions.

Temperature [°C]

¥ Mg sNig 5(OH), was
decomposed in
280°C.

B Mg sNip 5(OH),
showed higher
hydration reactivity.

Y. Kato, Tokyo Tech, 2011 32
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Key requirements for a design of CHP

- Close or open cycle?

— For closed cycle
Two reactors for reactant and product

Well airtight reactor

. |dentification of heat sources for heat pump cycle

— High-temperature heat source
— Low-temperature heat source

© To make potential difference of concentration or
pressure between two reactors by consuming some

works
— Gas-Liquid reaction system: Aconcentration
Separation process for reactant and product
— Gas-solid reaction system: Apressure

Enhancement of heat or mass transfer which controls
reaction reactivity

Condensation of gas
Y. Kato, Tokyo Tech, 2011 34



Tips for development of new
chemical heat pump

i Target temperatures
— For 60-80°C: large number of competitive pumps
— For 100-200°C: Niche
— For >200 °C: New frontier
i Candidate of reaction types
— Organic + vapor/gas
— Absorption + vapor/gas
— Adsorption + vapor/gas
— Inorganic + vapor/gas
i Material conditions
— safe, environmental friendly, low-cost
— Durability

— High-performances for reaction, mass diffusion, heat
transfer

Y. Kato, Tokyo Tech, 2011 35



Tips for development of new

chemical heat pump (2)

Table Comparison between reaction systems for heat pump
Reaction Ener Durability | Thermal | Mass High
types Phase gy Temp. range of conducti | transfe cost
density : .
materials vity r part
Inorganic + Heat
J s/g high Wide low Low low exchan
vapor/gas
ger
| <boiling temp | Heat
Adsorption + : of vapor : mediu
s/g high high Low exchan
vapor/gas phase m
) ger
material
Organic + medi = Side S t
ganic L/g AU decompositio 1ae High high epara
vapor/gas m reaction ion
n temp
: <boiling temp -
Absorption + | . ISR of gas phase | high high | high tiA'Lt
material 9

vapor/gas

36

Y. Kato, Tokyo Tech, 2011



Funding to development of new CHP

i |[dentification of heat market: matching heat
source, storage and demand: Heat flow
conditions, heat sources, heat demand, period,
nlace -> Waste heat recovery, energy saving.

i Development of reaction systems, and materials:
Phase of reaction gas/solid, material designs

i Reactor design: high reactivity, thermal
conductivity, operabillity

i CHP system design: low-cost, safety, high-
reliability -> Simple

Y. Kato, Tokyo Tech, 2011 37



Conclusions

' Benefit!

— Chemical heat pump has higher energy density

— Long-term heat storage

— Wide temperature range

" Demerit!

— Two airtight reactors for closed cycle operation

— Make difference of concentration and pressure between
the two reactors

— Thermal and mass transfer controls reactions and total
system operability> Well designed reactor

— Durable material and catalyst development

. Applicability of chemical heat pump

— CHP can have potential to brake a market for higher
temperature utilizations

— Innovative energy materials secure high-performance of
CHP

Y. Kato, Tokyo Tech, 2011 38



Thank you

i yukitaka@nr.titech.ac.|p
- http://www.nr.titech.ac.jp/~yukitaka/

Y. Kato, Tokyo Tech, 2011 39



