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1. Introduction

The current threat of global changes of the climate,
due to emission of greenhouse gases [1], bring to the
fore an increased necessity of rational use of heat. This
requires new approaches and materials for efficient
conversion and storage of heat. In this presentation we
consider, first of all, adsorption methods to
transforming a huge amount of low temperature heat
(50-120°C) which now is poorly used and mostly
dissipated in the ambient in vain. They are adsorptive
heat storage, heat pumping and cooling. Although these
three applications are overlapped, each one does
impose specific requirements to an adsorbent that is
optimal namely for this particular application.

Attempts to formulate these requirements have been
done in many papers [2-8]. Here we mainly discuss
how to synthesise such optimal adsorbent and which
practical tools are available to do it? This paper is
directed to summarise the activity of the Boreskov
Institute of Catalysis, BIC, (Novosibirsk, Russia) on
synthesis and study of new composite adsorbents of
water to be used for conversion and storage of low
temperature heat (sorbent characterisation was partially
done in co-operation with the ITAE/CNR, Italy).

2. The concept of composite adsorbents
Results of [2-8] clearly showed that for each of the
three mentioned applications quite different adsorbents
are required to provide the best performance. Moreover,
even for fixed application (e.g., an adsorptive cooling),
in various climatic zones optimal adsorbents should
significantly differ. Typical cycle of adsorptive chiller
is displayed in Fig. 1; its description can be found in
[2-4]. The cycle is determined by the evaporator
temperature T, condenser temperature T, and maximal
desorption temperature T;. In any case the temperature
of an external heat source which drives the cycle has to
be higher than T,. This threshold temperature can be
estimated from the Trouton’s rule (the intersection of
vapor pressure lines for T approaching infinity [2]) as
[9]
T,=T Te.
@)
Fig. 2 presents as calculated T, vs T, for the three
cooling applications, namely, the deep freezing (T.=
-30°C), ice making (T, = -5°C) and air conditioning (T,
= 10°C). The value of T, appears to considerably differ
for various climatic zones and covers the ranges of
80+156, 47+116 and 30+96°C for the above
applications (Fig. 2) [8].
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Figure 1. Thermodynamic cycle of an adsorptive
cooling.

One might thus expect that an optimal adsorbent for
these particular applications and climatic conditions
should be quite different and, hence, is a subject of
careful choice or specific synthesis.

160

20 T T T T T T T

20 30 40 50
Te, °C
Figure 2. T, vs. T, calculated according to eq. (1) for
various cooling applications: freezing (T.= -30°C), ice
making (T, = -5°C) and air conditioning (T.= 10°C).

This choice can hardly be done among common
single component adsorbents. Indeed, although there
are many trade marks of adsorbents, only few types of
commercially available materials are known and
popular among thermal engineers. The majority of
literature data concern few working pairs,
namely, “water — zeolite”, “water — silica gel”
and “methanol — activated carbon” [10, 11]. Many
types of zeolites are commercially produced, but just
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two of them are commonly studied for adsorption
cooling, 4A and 13X, probably because they are
large-scale products and, hence, they are easily
available, well-characterized and cheap.

Similar situation exists with silica gels: mainly high
density silicas have been tested for heat conversion,
like Fuji types A and RD [12, 13], Davison gel types
125 and 127 (Grace and Co.) [14], Speschim (France),
KSMG (Russia) [6], etc. For all these materials the
pore diameter d is 2.0-3.5 nm, the pore volume V, is
0.3-0.4 cm’/g and the specific surface area Sep 18
400-700 m*/g. Another famous type of silica is that of
regular density [15] with d = 10-15 nm, V, = 0.7-1.2
cm’/g and Sep = 250-450 m?*/g. Sorption properties of
these two types are different and represent two
boundary situations. The properties of other silicas are
more or less between them because the synthesis
technologies allow a change in the sorption properties
within a relatively narrow range. The high density
silica adsorbs more water than the silica with regular
density and larger pores, and the difference can reach
the factor of 2. Thus, for a single component
adsorbent tools to vary sorption properties are rather
restricted. Commonly, it is possible to change only the
chemical nature of adsorbent and the size of its pores.
Sometimes its crystalline structure can also influence
sorption properties (for Al,Os, TiO,, etc).

L

+H,0
sorption

impregnated

anhydrous salt solid crystalline

P

INITIAL STATE

Y

ey

ey
‘ ;r‘;;fzn'
I\ -
ey ‘vay

FINAL STATE

Q
11—
-H,0

desorption

+H,0
sorption

—

solid crystalline
hydrates

e

solution

Figure 3. Scheme of water sorption on SWSs.

For a two-component adsorbent like ’a porous host
matrix modified by an active substance” at least two
new parameters appear: the chemical nature of the
modifying agent and its content, that can open new
opportunities in varying and designing sorption
properties of the composite. First substances used as
the modifying agents were hygroscopic inorganic salts.
Since 1929 composite ’CaCl, in porous alumina” was
patented as a dehydrating material [16]. Then, other
two-component composites have been proposed for
this application, and composite “CaCl, in porous
carbon” was used in gas-masks. However, no
comprehensive study was done to learn properties of
the composites because the goal of those studies was
technologically focused and restricted to the particular
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conditions of gas drying. Anyway, it became clear that
the modification of common adsorbents by
hygroscopic salts can give a tool for managing their
sorption properties. This idea was then almost
forgotten.

Recently, a new impact has come from the material
science to promote this concept. It was originated from
a basic research of ultradispersed solids and was aimed
to answer the question "How do sorption properties of
a salt change when it is dispersed inside a porous host
matrix?” and “Which factors do influence these
changes?” The answer required systematic study, that
has been undertaken and resulted in a number of
publications on the new family of composite
adsorbents a hygroscopic salt confined to a porous
host matrix” synthesised at the Boreskov Institute of
Catalysis [17-29]. These materials were called
Selective Water Sorbents (SWSs) [18-20]. Now similar
adsorbents are being synthesised and studied in many
other research centres [30-38]. The SWSs are
considered as promising for energy storage [5, 39],
heat pumping [40] and cooling [30, 37, 41, 42],
because they take an intermediate position between salt
hydrates and solid adsorbents and, thus, can combine
advantages of both these materials. Indeed, a pure salt
can hardly be directly used, because of its corrosive
properties, strong swelling/expansion during the
reaction with water, very slow kinetics and hysteresis
of this reaction, etc. [8]. The salt confinement to pores
allows overcoming these obstacles and easy
management of composite sorption properties to fit
demands of given application, as it will be considered
below.

3. Selective Water Sorbents: design of sorption
properties

In this Section we review the results on SWSs
obtained so far and try to answer the following
question:

“Which tools has material science to design a
composite adsorbent with predetermined properties
optimal for particular application in energy
sector?”

Here we summarise the activity of the Boreskov
Institute of Catalysis in the synthesis of SWSs. So far,
more than 40 new sorbents based on halides (CaCl,,
LiBr, LiCl, MgCl,), sulphates (Na,SO;, MgSO,,
CuSO0,) and nitrates (Ca(NO;),, LiNO;, Mg(NO;),) of
metals incorporated into hydrophilic (silica gels,
alumina, clays) or hydrophobic (porous carbons)
matrices have been synthesised and studied. After that
peculiarities of reversible reaction

<§> + nH,O & <SenH,0> (2)
between a confined salt S and water were studied. The

reaction results in the formation of the hydrated salt <S
e nH,0>. The results of the study were presented in
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more than 40 papers, 50 abstracts and 8 patents and c) salt content,
have been summarized in [8, 26-28]. d) synthesis conditions.

3.1 Effect of the chemical nature of the confined
salt

Since the active substance in SWSs is an inorganic salt,
its chemical nature is of prime importance. Fortunately,
a plenty of salts can form crystalline hydrates
according to reaction (2).

<
~

=]
9%}
h

Table 1. Relative pressure 1, corresponding to
various transitions between different salt hydrates, both
bulk and confined to silica pores of 15 nm in size.

Salt Transition | n, (bulk) N: (confined)
Na,S0, 1=7 0.80 0.5-0.6
7=10 0.91 -
Na,HPO, 0=2 0.37-0.39 -

2 =7 | 052-0.57 -

e
e

Water uptake, w (g H,0/g dry sorbent)
f=]
o

40

Temperature, T (°C)

Figure 4. Isobars of water sorption by silica gel (pore Ca(NO3), 0=2 0.21-0.23 0.15-0.19
size 12 nm) (1), by bulk Ca(NO;), (2), their linear MgSO,4 0=>1 0.03 0.001-0.003
superposition (3) and isobar for composite Ca(NO3),/ 1=2 0.05-0.06 0.003-0.01
silica (4) [29]. P(H,0) = 17 mbar. 2=4 | 0.15-0.17 -
4=6 0.24-0.30 -

The main findings can be generalized as follows: CaCl, 0=1/3 <0.01 -

- three mechanisms of water sorption have been 1/3=2 0.04-0.05 0.03-0.04
found: a) adsorption by the host matrix, b) chemical 2= 4 0.16-0.18 0.12-0.14
reaction between water and salt resulting in the LiBr 0= 1 0.01 0.01
formation of crystalline hydrates, and c¢) absorption by 1 =2 0.04-0.05 0.02-0.03

the salt aqueous solution in the pores (Fig. 3);

- sorption by composite is not a linear combination
of that of the host matrix and salt (Fig. 4);

- the matrix can accommodate the salt swelling
caused by a chemical reaction between the salt and
water;

- gas-solid reaction is much faster for a confined salt
than for a bulk one, so that the rate of sorption process
is commonly controlled by inter- or intrapartical
diffusion;

- inside  pores, the synthesis-decomposition
hysteresis can be reduced or even avoided (see below).

Moreover, a host matrix provides a network for 3.2 Effect of the pore size of the host matrix

efficient transfer of heat and reagent which greatly Table 1 also shows that the transition humidity n for
enhances these processes, as it was conceived and confined hydrate can significantly differ from that in
reached for composite sorbents of ammonia “salt + bulk. Thus, confining salt to small pores can result in
expanded graphite” [43] or “salt + carboneous textile shifting the equilibrium of hydrate formation towards
Busofit” [44]. lower relative pressure (higher temperature), what

LiCl 0=1 0.09-0.12 0.04-0.05
1=2 0.12-0.13 0.06-0.09

Table 1 demonstrates that reaction (2) for various
hydrated salts in bulk does occur at values of P/P,
distributed over a wide range of 0.01 to 0.91. Thus, the
first step of salt selection should be the calculation of
relative pressure 1, which corresponds to point 2 of the
cycle diagram (Fig. 1) and searching the salt hydrate
decomposed at 1 equal or close to n,. Then, the chosen
salt can be placed inside pores of a host matrix.

The data obtained so far are a fundamental to answer gives a valuable tool for adjusting the transition
the question “Which practical tools are available to temperature.
design the optimal adsorbent?” First, we shall list these This effect was comprehensively studied by
tools and then give examples of ,ho“i‘ do they affect confining Ca(NO;), to silica with different pore size
sorption properties of a composite “salt in porous [29]. A gradual shift was found for the transition
matrix”. In our previous studies [18-29, 45-49] it has between anhydrous salt and its dihydrate (synthesis
been clearly shown that sorption properties of SWSs reaction) from 45-48°C for bulk salt to 53-58°C and
can be peculiarly changed in a wide range by varying 83-105°C for the salt confined, respectively, to pore of

a) chemical nature of confined salt,
b) average size of pores of the host matrix,
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12 and 3.5 nm in size (Fig. 5). Confining the salt
inside the pores of silica also reduces the
sorption/desorption hysteresis which becomes almost
negligible for 3.5 nm pores (Fig. 5).

Water uptake, mol/mol

0; - v v v T T
20 40 60 80 100 120 140 160
Temperature, T (°C)

Figure 5. Isobars of sorption/desorption for Ca(NOs3),:
bulk (¢/m), confined to pores of 12 nm (A/o) and 3.5

nm € ¢) [29].

3.3 Effect of the salt content
The salt content can affect both the final water
uptake and the reaction temperature (Fig. 6) [24].

8

=N

Water uptake, mol/mol

0.0

Figure 6. Temperature independent curves for CaCly/
Si0, with the salt content 22.3 (&) and 33.4 % (W).

It was found that reducing the salt content from 33.4
to 22.3 wt.% shifts the transitions (0.33 = 2) and 2 =
4) to lower relative pressure (Fig. 6). This effect is
caused either by smaller size of salt nano-crystallites
deposited on the silica surface from less concentrated
salt solution or by the salt-silica interaction [45-47].

3.4 Effect of the synthesis conditions

We have found that among conditions, which can be
varied during synthesis procedure the most important
are pH of the impregnating solution [46, 47] and
calcination temperature [45]. The increase of pH and
Teae leads to qualitatively similar impacts: the
transition becomes less sharp and proceeds over wider
range of the relative pressure. This can be explained by
the ion exchange interaction between the silica surface
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and the salt solution, which occurs during the
impregnation procedure [45-47]. This interaction was
found to cause the formation of the surface complexes

=Si-0 Ca’"---Cl', which stabilizes two phases of the
confined salt, namely, the volume crystalline phase and
the surface X-ray amorphous phase. The fractions of
the crystalline and amorphous phases depend on the
salt content and pH of salt solution and affect the
sorption equilibrium between the composites and water
vapor. Water sorption by the composites, which
contain predominantly crystalline salt, leads to the
formation of crystalline hydrates of the salt with
monovariant equilibrium. Water sorption by the
composites,  containing  predominantly  X-ray
amorphous phase, monotonically changes with the
increase of relative pressure, which is typical for salt
solutions and hydrates of the lacunary structure.
Relative contributions of the mentioned phases can be
also controllably changed by varying the temperature
of SWS final treatment [45].

3.5 Adsorbent properties vs. unit performance

Several SWSs synthesised in the Boreskov Institute
of Catalysis have already been tested in the ITAE/CNR
(Italy) [50, 51]. The adsorber of the chiller was filled
with SWS-type material —calcium chloride in silica gel
KSK (SWS-1L). The host matrix, active salt and its
content (33 wt. %) were selected based on the
knowledge gained as described above. The aim was to
obtain solid sorbent optimal for air conditioning cycle
(Tey = 10°C, Teong = 35°C) driven by low temperature
heat. The tests showed that the cooling COP can
achieve 0.6 at desorption temperature as low 85-95°C
[50]. This was a gross COP that is affected by heat
losses, the heat capacity of the inert masses and the
heat efficiency of exchangers, which will be optimised
in the next unit. Of course, it can be further improved
in a multi-bed system with internal heat recovery. So
large COP achieved for a simple unit configuration
shows the advantage of this new composite sorbent
with respect to common commercial materials (zeolite
or silica gel) at such a low regeneration temperature.
Indeed, 85-90 °C can be easily obtained with a simple
and cheap flat receiver of solar energy or from
industrial waste heat. Anther prototype has been tested
with consolidated SWS layer [51].

Despite encouraging results of the laboratory
investigations, only further strict testing of SWSs in
real prototypes of adsorptive heat transformers can
prove the worth of these new materials.

4. Kinetics of water sorption on SWSs
So far, we considered only equilibrium sorption
properties of new composite adsorbents and showed
that they can be regulated in a wide range during
synthesis stage. For heat pumps or cooling machines
with short cycle times dynamical properties like the
specific power, become important, too. That is why we
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have measured isothermal kinetics of water sorption on
loose grains of SWS-1L at T = 33 — 69 °C and P(H,0)
= 8 — 70 mbar for various grain sizes R, (0.355 - 1.4
mm) [52]. For comparison we also measured the same
kinetics on loose grains of well-known adsorbent —
silica Fuji Davison RD [12, 13]. It was indicated as the
adsorbent of water used in Japanese commercialized
adsorption chillers which utilize low-temperature heat
(50-80°C) [53, 54].

20

&

10

4sqrt(t/mig)
Figure 7. Water uptake m/m, vs. square root of time
for silica gel Fuji Davison RD, the average grain size
D,=0.9 mm (M), and SWS-1L, D,=0.8 mm (O). T =
49°C, Piaoin = 17 mbar, Pio sn = 19.5 mbar. Line -
approximation for SWS-1L based on the LDF
approach.

It is appeared, that kinetic behavior of both materials
conforms well with the Fickian diffusion model [52,
55] rather than with the Linear Driving Force (LDF)
model (Fig. 7) that is often used for modeling
adsorptive heat pumps and chillers [56]:

- the dependence of the water uptake on +/z is
linear at short times (Fig. 7);

- the apparent water diffusivity depends on the local
slope  of the water sorption isotherm;

- the Knudsen mechanism of the interparticle
diffusion is found;

- contribution of thermal effects for water sorption
became significant for small grains.

The pore diffusivity of water in SWS-1L was
calculated from experimental data over temperature
range 33-69°C D, = (1.2 £ 0.6)-10° m%s, that is 2-4
times lower than that of the pure silica KSK. The
possible reason might be related to a partial blockage
of the silica pores by the salt. It could result in the
increase of the pore tortuosity and, thus, in the
reduction of the effective pore diffusivity.

Despite of this difference in the D, the specific cooling
power W = (m¢/m,) AH.,/t generated at the beginning
of sorption is the same for both the materials, as the
initial slopes are equal (Fig. 7). This is due to the fact
that for SWS-1L, the lower diffusivity is compensated
by larger equilibrium uptake (Fig. 7), which also leads
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to higher COP than for the pure silica [52, 55].

The obtained results evidence that for layer of loose
grains of the both adsorbents rather short adsorption
times can be realized. This could result in the average
cooling power 500-1000 W/kg, that makes it possible
construction of quite compact adsorptive units for heat
transformation.

5. Other SWS-type materials
Composite materials for sorption of ammonia [43, 44,
57-62] and methanol [63-66] have also been developed
and tested taking in mind application for heat
conversion.

5.1 Ammoina
Recent study of CaCl, and BaCl, inserted to
inorganic matrices [62] confirmed that the ability of the

confined salt to absorb NH; can differ from those of a

bulk salt:

- transitions between complexes CaCl,xnNHj; are
shifted to higher ammonia pressure in comparison
with those in bulk;

- both the enthalpy and entropy of complex
formation for the confined salt are significantly
reduced respect to those for the bulk one;

- the equilibrium of ammonia sorption in the
confined state is divariant that means the NHj;
uptake increases continuously as the NH; pressure
rises;

- the solid compound CaCl,x8NH; does not form
inside pores. This could be caused by the
formation of a CaCl,/ammonia solution inside the
pores.

5.2 Methanol

A new family of methanol sorbents “salt in
mesoporous silica” for utilization in adsorptive air
conditioner driven by solar energy or low temperature
waste heat (7=65-100°C) has been proposed in the BIC
[63-66]. The composites were synthesized by
impregnation of various silica gels with an aqueous
solution of different salts (CaCl,, LiCl, LiBr, MgCl,,
NiBrz, Ca(NO3)2, MnClz, CuClz, COClz, MgBrz, BaC12,
CaBr,). The methanol sorption capacity of composites,
under conditions of typical cooling cycle, was
measured by using a new express method [64, 65].
Furthermore, estimation of the cooling COP was
carried out in order to compare the performance of
such sorbents with other methanol, ammonia and water
sorbents. Results obtained showed that most of the
composites synthesised present methanol sorption
ability which is higher than that of common methanol
sorbents (e.g. active carbons). The composite LiC1(30.6
wt.%)/Si0, appears to show the highest sorption
capacity wy—= 0.8 g/g. Methanol uptake after
desorption stage decreases as well wg= 0.09 g/g
giving an uptake variation per cycle Aw = 0.71 g/g. The
corresponding cooling COP is 0.74 (maximum
T,.=363 K, single-bed cycle), which is comparable to
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the typical COP values of the best water sorbents.

6. Other Applications

Two other applications of SWSs have been realised
commercially in Russia. They are a) adsorptive drying
of a compressed air that was implemented in twelve oil
refinery plants and cryogenic stations in Russia (more
than 200 tonnes of SWS-1A are in use) [67] and b)
thermal protection of electronic memory chips (“’black
box™) [68]. Other possible applications of SWSs for
obtaining water from air [69], desiccant rotary wheels
[38], regeneration of heat and moisture in ventilation
systems [70] are under intensive investigation.

7. Conclusions

In this communication we give the review of activity
developed at the Boreskov Institute of Catalysis of the
Russian Academy of Sciences (Novosibirsk) on
synthesis and characterization of new composite
materials which can be used for conversion and storage
of low temperature heat. We mainly focus on how to
design new solid sorbents with sorption properties
close or even equal to those perfectly fitting particular
cycle of heat transformation. It has been concluded that
such sorbents should be two-component materials
“hygroscopic salt confined to porous host matrix”
(called Selective Water Sorbents, SWSs). More than
fourty SWS composites were synthesised and studied.
It was proved that sorption properties of SWSs can be
monitored by a proper choice of the chemical nature
and content of the confined salt, the average size of
pores of the host matrix and synthesis conditions. All
these tools can be used to adjust the real adsorbent to
the ideal one which was predetermined as an optimal
for chosen cycle. Thus, we review the current
state-of-the art at the BIC on the new family of the
SWS composites.

It is important to mention that although we have
mainly considered here water as a refrigerant, new
efficient composites of the SWS-type have also been
prepared for sorbing ammonia and methanol, thus,
confirming the general approach which we are using
for synthesis new adsorbents.
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CE, [kJ/kg] 126 225 113
CE, [MIm’] 958 13.5 50.9
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cm’/g, FHIHIFLEE 0.88 nm
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Study of Adsorption Heat Pump

Air conditioning System for Earth and Room

G BEIL (8o U o7 ikaiatth)
Mutsuhiro ITO (Fuji-Silysia. Chemical Ltd.)
e-mail: ito@fuji-silysia.co.jp
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Fig.9 Temperature and Humidity profile of
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Tablel ) AFLOEEEADREDELICK
SRRBEA I  Inlet temp: 303K

Type of Inlet Outlet Water content
Silicagel RH T RH T before after
[%] [K] [%] [hr] [%]  [%]
A 0 291 35 19 35 4
B 0 286 62 20 40 2
B 15 291 64 16 40 6
B 30 296 63 15 40 8
ID 0 285 73 4 14 1
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Recent Development on Adsorption Refrigeration

Hideharu YANAGI (Cyclect Electrical Engineering Pte Ltd)

e-mail: Yanagi.h@cyclect.com.sg

INTRODUCTION

It is well known that adsorption chillers have a distinct
advantage over other systems due to their ability to
produce cooling using waste heat and being absolutely
benign for the environment. They have higher efficiency
at low driving temperatures than absorption chillers.
However adsorption technology has a few weaknesses
for practical use.

I. They are more expensive per kW cooling
capacity than absorption chillers.

2. There is a limited market choice (only two
manufacturers in Japan).

3. The process has a cyclic nature, which requires
more effort in design and control.

4. The machines are big and heavy.

Hence most research efforts have been made to cancel

its weaknesses or improve the benefits of adsorption.

One effort is to aim for compact and lower cost in
production. However its efficiency is sacrificed by
housing both adsorption heat exchanger and
evaporator/condenser in the same vacuum chamber. The
heat capacity of evaporator/condenser becomes heat loss
for cooling due to a cyclic operation.

Other effort is to improve the adsorbent properties by
impregnating salt or by forming into consolidated

composite.
In this article, I would first review ongoing research and

development on adsorption refrigeration and thereafter
propose a system to extend its development and market.
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RECENT RESEARCH AND DEVELOPMENT

Let me sum up on-going or finished research and
development works in order to grasp trends of
investigations on adsorption chillers:

1. Hybrid adsorption cooling system with a
booster pump.
Four-bed adsorption chiller.
Adsorption Heat Pump where its adsorption
reactor and evaporator/condenser are housed in
the same vacuum chamber.

4. Adsorption chiller using a heat pipe on
evaporator.

5. Adsorption chiller using a direct contact
evaporator/condenser with refrigerant spray.

6. New working materials for adsorbents.

1. Hybrid adsorption cooling system with a
booster pump [1]

Adsorbent/adsorbate Silica gel / Water

Cooling capacity/ COP 50kW/10  defined by
electricity input (9 °C
outlet)

Features Booster pump facilitates

desorption  process and
enable high efficiencies at
lower driving temperatures
as 55C

Developing Institutes Mycom & Chubu Electric

Power Company (Japan)

2. Four-bed adsorption chiller [2]

Adsorbent/adsorbate Silica gel / Water
Cooling capacity / COP | 17.6kW/0.6 (10°C outlet)
Features Delivery of steadier cooling

than two-bed systems and
waste heat recovery with a
high temperature difference

AT=15C
Developing Institutes National ~ University.  of
Singapore (Singapore)
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3. Adsorption Heat Pump where its adsorption
reactor and evaporator/condenser are housed in
the same vacuum chamber. [3]

Adsorbent/adsorbate Silica gel / Water

Cooling / COP 6.84kW/0.37 (16°C outlet)

Features Adsorption  reactor and
evaporator/condenser  are

housed in the same chamber
and no vapor valve

Fraunhofer-Institute
(Germany)

Developing Institutes

Figure 1 shows an adsorption module where its reactor
and an evaporator/condenser are placed face to face.

reactor

evaporator/condenser

L—

sealed module . _
hydraulic connections

Figure 1: Adsorption module

No vapor valve is placed between its adsorption reactor
and evaporator/condenser; therefore no moving element
is inside the vacuum container.

The temperature of each heat exchanger and thus its
equilibrium pressure governs mass flow of the vapor
the the

evaporator/condenser. Each module has about 35 kg of

from adsorption reactor to and from
Silica gel and its external dimension is 355mm high,
260mm wide and1360mm long. The total weight

including adsorbent and process water is about 130 kg.

I would say that COP of 0.37 at al6 “C of chilled outlet

is a little bit lower.
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Silica gel

Reactor

Figure 2(a): One body system of adsorption module

JATATAVAVAVATAAVA
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2

| Hot /cooling water 4 Perforated cover
channel

2 Silica gel 5 | Corrugated serrate-fin
Perforated Cooling/chilled water

3 6
corrugated-fin channel

Figure 2(b): Inner structure of adsorption module
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When I began to investigate adsorption chillers in 1991,
I have first tried a system in the same philosophy as the
above adsorption module, which was made of an
adsorption heat exchanger and an evaporator/condenser

as one body as shown in the Figure 2(a).

Figure 2(b) shows its inner structure [4]. The module,
taking into accounts its heat transfer and heat loss due to
heat capacity, was made of aluminum plate-fin and
housed in a vacuum chamber. The client requested to
obtain a COP larger than 0.5 at 75°C heat input in
addition to being compact.

As shown in Figure 2(a) and 2(b), its structure could be
made simple and compact, and also an inventory of
refrigerant could be less. It seemed the efficiency
became better, though the heat capacity of heat
exchanger itself became heat load of its cooling due to a
cyclic operation of condenser /evaporator. Hence the
value of COP resulted in less than 0.4.

Another reason was that at the beginning of adsorption
cycle the adsorption strength was so strong and then
liquid droplets from the evaporator directly sucked in
silica gel. At that time no eliminator was provided
between the adsorption heat exchanger and the

evaporator/condenser.

Nowadays environmental considerations are most
important issues. Even if a COP is not high enough, as
long as their cost and installation size become less and
can contribute to reducing greenhouse gas effects, this
kind of adsorption chillers would be recognized as

waste heat recovery unit.

Though one body system, which is made of adsorption
reactor and evaporator/condenser is thought to be
limited to smaller machines up to 35kW (10RT), it can
be applied in solar assist cooling or co-generation with
Microturbines (MGT). IEA Task 25 final report
strongly recommended the development of 15kW class

solar panels driven ad/absorption chillers.
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4. Adsorption chiller using a heat pipe on

evaporator
Adsorbent/adsorbate | Silica gel / Water
Cooling / COP 6-10kW/0.3-0.4 (11°C outlet)
Features Adsorption  reactor  and

condenser are housed in the
same chamber and evaporator
is made of heat pipe.

Developing Institute | Shanghai Jiao Tong University

(China)
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(1-hot water outlet, 2-hot water inlet, 3-left adsorber, 4-left
condenser, 5-left isolator, 6-methanol, 7-evaporator, 8-chilled
water inlet, 9-cooling water outlet, 10-cooling water inlet,
11-vavle unit, 12-vacuum valve, 13-the chiller shell, 14-right
adsorber, 15-right condenser, 16-refrigerant (water), 17-right
isolator, 18-chilled water outlet, 19-condenser outlet, 20-left
adsorber inlet, 21-left adsorber outlet, 22-right adsorber outlet,
23-right adsorber inlet, 24-condenser inlet).

Figure 3: Small scale adsorption chiller schematic

Figure 3 shows an adsorption chiller where its reactors
and condensers are placed in the vacuum chamber and
its evaporators are composed of heat pipes [5]. This
system is also a structure of no vapor valve in between.

However heating and cooling become heat loss due to
the cyclic operation of condensing and evaporating of
liquid at the bottom. And also the heat capacity of its
bottom evaporator outer wall causes the heat loss.
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5. Avapor valve less adsorption chiller using
sprays as a direct contact heat exchanger [6,7]

Adsorbent/adsorbate | Silica gel / Water

Cooling / COP 35kW/0.5 (7°C outlet)

Features Adsorption  reactor  using
sprays as direct contact
condenser/evaporators.

No vapor valve in between

Developing Cyclect Electrical Engineering

Institutes Pte Ltd (Singapore)

Cooling water Hot water Spray nozzle

bt
| N

AD-1

_‘DN

Plate heat exchanger

NN

AD-2

Chilled water

= =)

Cooling water

Q'

Spray pump

Figure 4: Vapor valve less adsorption chiller using

sprays
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Figure 5: Experimental set up view

Figure 4 shows a schematic diagram of vapor valve-less
adsorption chiller and Figure 5, a SO0W experimental
setup of the vapor valve-less adsorption chiller using
sprays as a direct contact heat exchanger. The main
components are two sets of an adsorber housing
neighboring on spray nozzle chamber working for a
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condenser or evaporator, which is connected to an outer
receiver for condensed or evaporated liquid.

The adsorber- 1

evaporated water vapor on the atomized surface of spray

in the adsorption cycle adsorbs

water, while the desorbed water vapor from the adsorber
-2 in the regeneration cycle is condensed on the sprayed

water so that vapor valves are not necessary in between.

Direct condensation and evaporation on
heat
coefficients of 1 X 10 W/m’K and mass transfer.

sprayed

refrigerant provides much higher transfer
Moreover the temperature drop across the separation
wall of copper fin tubes in conventional adsorption
with  this

construction, vapor valves in between adsorber and

chillers is eliminated. Furthermore
evaporator/condenser can be removed. Hence the
performance of the refrigerator can be greatly enhanced
with the decrease of pressure drop as well as the high
heat transfer coefficients. In addition the refrigerator

itself could be made compact.

6. New working materials for sorption cooling [8]

Adsorbent/adsorbate | CaCl, impregnated Silica gel /
Water

Cooling / COP —

Features Power density of the chiller

could be increased due to a
larger up-taking of refrigerant

/cycle at given operation
conditions.

Developing Institutes | Boreskov Institute of Catalysis

(Russia)

Adsorption isobar measurements have been made on
CaCl, impregnated on mesoporous Silica gel (SWS-1L)
with a surface area of 350 m%/g, a pore volume of 1.0
cm’/g and an average pore diameter of 15 nm.

Figure 5 illustrates a comparison of the silica gel and
SWS-1L in standard refrigeration cycle. Though an
evaporating temperature of 14°C is high, the driving
refrigerant per cycle of AW is 2.5 times larger than that
of silica gel. From Figurel in the paper [8], the

adsorption heat can be evaluated as approximately 2600
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kJ/kg-SWS-1L. It sounds good that the chemical
sorption effect on the adsorption heat is small.

Aw=006 , f
! —
4 Wmin
3 SWS-1L
E
o ~Silica
4
|
—
80 100
Figure 5: Comparison of the silica gel and SWS-1L

in standard refrigeration cycle

6.1 Adsorption reactor using consolidated Silica gel
[9]

Adsorbent/adsorbate | CaCl, impregnated Silica gel /
Water

Cooling / COP 0.17-0.48

Features High specific power density:
60-200 kW/kg.

Longer cycle time:

20-40min.

Developing Boreskov Institute of Catalysis

Institutes (Russia)

Figure 6: Finned tube covered with consolidated
adsorbent
Figure 6 illustrates a finned tube covered with

consolidated adsorbent. Even if the specific power
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density is high, the cycle time of 20 to 40 minutes is too
long. The reason is that mass transfer rate is
considerably decreased due to consolidated composite.
Increase of up taking refrigerant/cycle and rising
temperature of desorption due to an improved heat
conductivity of adsorbent were all canceled out by a
longer cycle time. The original purpose of consolidating
adsorbent is to shorten cycle time by improving heat
transfer rate, that is, to increase of specific cooling
power density per unit adsorbent [10]. For that purpose
coating adsorbent layer on the fin tubes should be

thinner than 4mm to a few minute of cycle time.

6.2 CaCl, impregnated active carbon fiber felt (ACF)
on ammonia adsorption [11]

This salt impregnated adsorbent has been developed
originally for utilizing an ammonia scrubber but the
material is applied to an adsorption chiller as well.

Table 1: Properties of a Activated Carbon Fiber
(ACF)

Type ACF-1000
Specific ~ Surface  Area 900-1000
(m’/g)
Benzene Adsorption (wt%) 30-35
lodine Adsorption (mg/g) 850-900
Pore Volume (ml/g) 0.8-1.2
Average Pore Diameter 1.7-2.0
(nm)
Weight (g/ m®) 400
Thickness (mm) 4
PH 5-7
Fire Point (deg C) > 500

X10000

X'1000

Figure 7(a) SEM photograph of cross section of
45wt% CacCl, impregnated sample
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X'1000

X'10000
Figure 7(b) SEM photograph of surface of 35wt %
CacCl, impregnated sample

Table 1 illustrates a base material ACF provided by
Nantong Tonghui Industrial & Trading Co., Ltd in

China.

Figure 7(a) and (b) shows typical SEM photographs of
the samples. The calcium chloride is uniformly
deposited on the active carbon fiber surface as well as
cross section.

The test sample of 31 wt% calcium chloride
impregnated carbon fiber was synthesized using ACF
felt and CaCl, aqueous solution and then isosters of
ammonia sorption were measured at T = 20-90°C and P
=0.1-9.0 bar.

From the measured isosters the adsorption isotherm
curves were evaluated as Fig.8 [12]

20°C  30°C

30 A 60 °C

w,%
2]
o
(@]

20 1

10 1

o -

P, bar

Figure 8: Isotherms on ammonia sorption

evaluated by the polanyi potential theory

Based on the above discussions, I would like to propose
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how to progress on development and to extend market
extension of adsorption chillers.

PROPOSAL ON FUTURE DEVELOPMENT AND
MARKET EXTENSION

Table 2 represents the specification of adsorption
chillers to be developed.

Table 2:  Proposed Adsorption Chillers
Component Developing Item
Cooling capacity 15-35kWclass with heat &

mass recovery cycle under
10°C chilled water outlet
Adsorbent CaCl, impregnated granular

silica gel: at lower
regenerating temperature as
75°C uptake refrigerant per
cycle should be increased.

Adsorption reactor Aluminum  plate heat
exchanger should be

fabricated as unit module.

Evaporator/condenser | Aluminum plate fin heat

1st option exchanger with corrugated
serrate fin

2" option Spray nozzle:

Evaporator/condenser | Optimization of nozzle

by direct contact spray | shape and spray patterns

Market Solar assisted cooling in

Europe & Co generation by
MGT in Asia

As far as silica gel/water pair is concerned, the
consolidated composite adsorbent is considered to be
not suited for adsorption reactors.

Adsorption capacity on impregnated composite is surely
increased but in fact due to added binder its effective
adsorbent density itself becomes low, in addition its
mass transfer rate becomes also too low. Hence increase
of uptake of refrigerant per cycle is compensated by
decrease of density and longer cycle time. For practical
use adsorption/desoption cycle time should be less than
10 minutes.

Accordingly the improvement of adsorbent should be
made on granular silica gel by impregnation of suitable
chemicals taken into material of heat exchanger.

For air conditioning fan coils are normally standardized

J. HTSJ, Vol. 45, No. 192



Rtk - B oL — 25 HA - IR

as 7/12°C(supply/return temperature), but in order to
make use of benefits for adsorption properties chilled
water 10/15°C (rate of change of uptake refrigerant per
cycle significantly increases) should be allowed to
increase cooling capacity and to design more
economically. In Germany radiation cooling on the
ceiling at 15°C has been widely used combined with

adsorption chillers.

Plate-fin type heat exchangers were expensive in 1990
years. Most of applications were cryogenically use as
air separation, hydrogen, helium refrigeration and
liquefaction. At that time only one company in Japan
was dealing with brazed aluminum plate-fin heat
exchangers and so they were once very expensive.
However they are now widely used and it is readily ease
to get plate-fin type heat exchangers with reasonable
cost [13,14].

Even if commercially available fin copper tubes are
used for adsorption heat exchangers as shown in the Fig.
9. End disk and cylindrical mesh cover made of
stainless steel must be fixed and welded to each fin
tube.

Mesh cover

End disk

Figure 9: Fin tubes type adsorption module

For example to get cooling capacity of 35kW, 400
bundles of fin tubes with loading of 360kg silica gel
have to be fabricated. Processes of filling silica gel into
fin tubes and fix mesh cover and seal welding are quite
tedious thereby increasing fabrication cost.

Whereas if plate fin type adsorption heat exchangers are
employed with 15kg loading /one panel, we have only
to fabricate 24 panels. Lesser manufacturing processes

compensate the additional blazing cost.
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Moreover when the CaCl, impregnated silica gel is
applied, aluminum plate fin heat exchangers are
appropriate after taking into consideration of material
and heat capacity. Because copper is severely corroded
by contacting with CaCl, impregnated silica gel.

CONCLUSION

Finally I would say that all we have to do is first to
fabricate the above proposed one with a reasonable
cost. If we could make it, then the market for
adsorption chillers will improve.
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Additional Remark

I have been invited in 2003 to join in CYNERGY
research project under RISC (Research Incentive
Scheme For Companies) grant administrated by
Singapore Economic Development Board (EDB). Since
then I have been engaged in R&D on adsorption
refrigeration by co-working with professor Ng Kim
Choon of NUS (National Univ. of Singapore). Lately I
have developed a mobile Ammonia Scrubbing Vehicle
under the Singapore Civil Defense Force (SCDF)
through the TEC (The Engineering Challenge) grant
administrated by the Singapore Prime Minister Office.
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P (XH, ho (THEAEVRERT) b2 Th
L. T T UBRBMREUL, O HMEIC L o TE
BECEETDHDOT, Fy 7 X0/, [REHK
HEERHIINT 213 L, &R OREIRHL 3B
LD, IR R EGEE TR BIC 2 5.

4.2 REFMHEI AR
7 1 ZADHREANMRER TR L T7 T >

LT A Z EIIRARETIZ AR VY, T 2 T,
1999 4E(CIEFEHAEEW & UCBRE L, (BR) LE

T CHUE S IEES LT D R XT3 2 Mkt
ERANT 5.

ZOEBBREBRETIX, AZT 4 v 7 ROKE R
M (9~ L4360 x W 2100 x H 1900mm) (2, E#E
e UTHIRAST 7 ¢ v (5K 49 °C) ZFRIE L,
2HOEBRENICZENENT T L[10-11TB L
— M[14]Z4FA L72.38-55°C (281 B EEEIT 1
MH-vH2GI THD.

LEGE DT T EDO—o L LT, FTEOEH
B LT 5 2 & AT E DEEM & DR O ik
BERR (=EBEOMARHGHEAERE) b5, X
9 1%, BBVEEE qq & — EICR - TG AICHE I SN
DR Qud O Z/RT[14]. BR SN DEHT)
Gais DR E VT L, BZHLHE OBRER R E 72 5
728, WO HFRICB N T gy DEEMTEE,
WERIIT 5. 22T, BEESE (X 12
BFbd7 770 AOMEEEEETDHE, 7
BADITNT T I B/NSW X, TRE 72 E
RBRELNTWD., ZoZliE, 77Tk
DB H T 18] & JEHE ST 18] DA — B BVE (L ©
OBIRFLOREN S D DK L, 7 v 2Tk
INSWRFE R T, (BAAEENKREJERTE D
ZlERLTND.

ZOXHIT, Kir-FeiE & FER 7 B A A
T OB BT, BEVRE D REMMEE
FIRA U BMEE 2 BRE L C & 7R, 7 ¢ v
TEAMEHT 2 L EZNT, HEEE L
RDHFEERETH LN TE

EEN 2006 4E 7 A

X 8

Qdis ! Qrot [-]

Kk

T T T T
/
L [— Chip s
— — Brush /
5 s E
//
kegr /
i // i
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5
3 Ky // hy=340 Wi'K 1
L
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v
/.- hy=150 Wm K |
7
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X,
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0.5F
O | | | | | | | |
0 50 100
Gais [KW]
X 9 HRhEEAR & EVE O ESfR
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5. MIFFRIERIEER
PLED X 9 R a W, IRFEHEDRL T
FEE~OBEHEZRFTFLTND., ZZTiE, 77
IR FREHE D FERA T2 BRFHHNZ DWW THENT T 5.

5.1 HFREBEEBOBEURER

X 10 V&, RG22 T 7 AR FREBIZT 72 %
A L T2 B O ke 7 1 O N EBURE =R (k) TH D
[7]. =R TOWPETH L DT, (K TR 7£(d,)
IIRAFE LRV, X T 7 ¢ U ORR R T, X
POFER CHTET L) [T T 50, ki
J& CIIRL - & ARHE DR BRBU M FET D 72012,
SWATET VLD 2/3 FBRE/NS ML 7o TV 5.
LML, mEMEtEEE LTIIAETHD.

5.2 RENMERIGERE~DFE

ki L7z MgO/H,0 SRICHT % it & LA FIZR
7. MgO ki A E 2 mm, £ 2-10 mm DM
BIRICHIE L C LR+ & L[3], PIEE 55 mm x
i & 150 mm O MR RS PIC T IE L7 (ZEBisg=
#.0.50) . JHUE U 72 BUSHZR KRR Z EE DI
AL, KnzERET5. M11BLO121E, #h
IR R & BOSFEO R O E 5 R
THDH[4]. 7T % 1.0 vol.%(X; = 0.0 AT S
ZEITkY, NERESMITH—bIhTED,
FOSHRNEAED 90 %IZTET DR (1) B
30 % B STV D.

IRFBEWR R AR TR DOV T b [AER DR
AT 7. KREWEA 4 L LTI LaNis 2 7z,
SbasiE AL —EHEEROFLE AV, NEON
BN IE R 2, N & SME O BB R & i
WEHE, REEIT- . BBtk LT,
AT E L ARRICIRFMET 7 2 1.0 vol.% (Xp =
0.01)& L7=. FEBRTIX, TOKFEYHF——AIC
FATEDIES « IR > TR W ZKHE Z UGN
NEAT D L TRBWESZ B L, RIS
£ 5 8 PR 280 A SR HE OO0 (SRR E L 7 B
BRI K VHE L., £, e KkEREZRE
L, 2LV IERERDZ. K13 1%, KIGER
O NTHEE ORGEL 2R LK THh D, K
FHEEZRET D22 LT, FOEDOEEDOKT
DERNTZD, FOSBD BRI 72 BREDT DL TW
HITEMAZD. KISRIZOWTEETHE, K

JCEEREAS 40 % 1T EEMETET TWDZ ENbnd.

EEN 2006 4E 7 A
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140t

100

z=60 mm

A X0y

e
AUV VAV Va 2

7 [mm] X,,=0 X;,=0.01| -

‘68egge
VA"AviA?A‘u‘v.

X 11

0.8

0.6f

20.4}
>

O Xfaz 0
L 4 Xfa: 0.01

X 12

L | L
600
¢ [min]

(MgO/H,0 %)

0.8r

X 13

4000

20‘00
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SEHIRSR & S E IR
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6. BhYIC

THRNAVX—H{HFHOBR LY, EBREERE
(LSO 2RI U 72 B xoL & —FI) s O @ bk
AL HIFE STV DA, AT L= X 95 1g,
PR DAREM RGP R L7228V ) IR T s K &
REELE 2o TS, ZRET, EHELPBETL
T & T2 R B 2R U AP E 1T 2 O fRTR
RO—FITHD. WEEEHMIZHONWTITBBLZ
MEtE#& T LTV D, AR TR LTk EE
~OEMIIRTZEEBEF OB AT T 5T, 71
ADEFT O S HRED D TETHS.

FEOIX, EEVREE L U CORBHHEICZ Db
STVDEDITTIHRVA, B - fLRHICLET
b5 EV D RFEOFBIIMBEEMEED 7 L— 7 2L
— W INTZRFZ, KGR EDOHEEZHE D B %
Tk A I r~FIHCZ e 5. £, 2
ITIRET T e a AOFIHEEERI LT,
FOMIZ bR 2FIHRENR B 2 DD, Kihes

DREZ MK LoD, FiELFHEELZ S 2 T
SHERDS.
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Development of CO, Separation Technique Using Lithium-Containing Oxide

By e ORGE)
Kenji ESSAKI (Toshiba Corporation)
e-mail: kenji.essaki@toshiba.co.jp

1. #%5

AR, bk FE (COy Zia®O & T HIR=ER
T ADBENNZAE 5 HERIEBE(L 2N @ik iEn <R
D, 2005 FITITEHEBEEZEN B S 4, HEDE
HAOHIREEAGETED bR TS, N E
T AR E E B AERGHE (2005 ) (TR Eh
% X9 I ERM 2 R AN T B, BREERGE A
SOWNTHBHFNThON TS, Z O EE 4
KT HEE LTI A 2 b onETF b, A=
FNX—OHEE, =RV X =BG ROM R
Bre X —EOAIHITNZ, FBEATCTHOHE
TADGD CO, FrHE & BARE OMEHEIZ LD CO,
DEEN DD . FFIZ CO, HHE + [EE I B A
I CRE RBENED HHFEN R FTIEIE EE 2
HITEY, WERGEECIRBEE, (L5 WIE
72 Ehk e T EEAT BRI 3 E O TR R K o Tl
HDHNATWD[1-7]. Z D DOHFZEIZBWTIE, 7
BEIC X > CTAET IR AT —0R/ME, DHEER
D/NRAE < K2 2 MEB OB O EHam LR
Lo TV, TSk L, BEFTOBRESE
T ANG CO, RS 2 b D TEABERTSY
Bty DNAERITZE WO HEND D8], REIT A1
FROWBELZ TN 2Ot E N NS <, CO, 57
JEVZBRBERS DOHE T A H~EW T2, CO, 4B
FAEFIE D L, BREIRE Y o' XA ER
TITONDDIZRE L, ZIVETO CO, mrBEEAiT I
R TCHERT 2 2 ENTET, BREIE Y vk
NOEBESMT D Z ENTE R Tz,
ZOMBEICK L, HZTIRY F U L EABIL
DT T I v 7 A% HWTEH LWCO, oy B
ZRIF LTV DH[9-16]. Z D FEIF450°CH 5 700°C
DFPFHTHNWD Z N TX D720, T ADEEZE
T3 Z e COERBECEAFIAN DD, VT
U LEEBIEORTHL Y FULANL R r—
K (LiySiOy, LItV F U AU r— kL) 1
EbLENTZDEEREEZ R L, BEDOKI36%DCO,%

EEN 2006 4E 7 A

-5

WG 25 2 ENTESD. ZHITHE S D4004% D IAFE
WY =5EBETHD. TNETIKII AT LS A
Ly MRUFDT AU r—1 (BRIR, 5 mm) Z1E
L, A AW TCRET 2D T D AR T,
VF T LY r— OB L BT R, KO
ST T N ONWTRAT 5.

M1~y MRUFTLY 7r—Fh

2. RAEOBRE

TR R BRI AR B R (MCFC) DR FH kit
T, VFuhvaxr—h (Li,ZrO;) NEMRE
WA~OEMY & U TRRET STz, BRlREEE T
DLEEMNZTRD L, Li,ZrOs 1% 700°CAHT Z 5l
R TIE LipZrOs, (RIR M Tk v 2 =7 (Zr0,)
272 5 IR T RO 2 L 29 2 & 23
L7z,

Li,ZrO; + CO, <> ZrO, + Li,CO; (1)

Z X MCFC OEMEHRMELE LTI ¢
Wb OD, T LA COWRIE & LTHIHATE S
DTN EEZ, CO, WM DRFFEZ BIAA L
7o ARSI 2 0 WA 13U + FleH % ol 3
ZEMAEETHDHZ E LB L. BIE Tl
BIHE 0 LiyZrO; IZBET 258 AE D 2o b D
[17, 18].

LipZrO; (2T @i TR FREE & W O R R H
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H—77, FEEHZ Y v a=7 T WA= g
NEL, BENARKEIWVWEWVWHIHERHD. 22T
Ko A N BRERFMEHER 1T > 72, LiZrO; ©

CO WK 2 127~ F & 912 LiZrOs HH O b Y 7
7 A (Li,0) 2AFRETCO, &L, KB F v
A (Li,COs) ZFERRT B Z & Tithbhb.

CO2

CO2

Absorption /.
—
<«

CO» Li2O

" Li20 Li20O

Li2O LbO

Emission

CO2

CO2

B2 W fH RO o
(VFoLrPax—h)

Z L TZ?D Li,CO3 28 Li,0 & CO,IZhfiftd 52 &
T CO, M ThbNg. $72bb, CO, DY -
HHICERER S5 L Cnbd 0Ok LD THY, ZrO,
ILZDRFFM OEEEZRT- L TNDHEEZDH T &
MWTEDH., ZORIN - A I =X LITHASE,
7Zr0, LAl CE BRI E XY F ¥
LB A OHIT LipZrOs [ZH I 5 1= 72 WY
MERHESEEZZ., ZZ2CTHH 1 SDEERZ
&L, 500°CHFEFE D milIEk TR - fil % AT L2
TH2EWVnHZLTHD. ZNHDOEZICHE S
x eV F o MGG LB 2T — 4
[191i2 L B FHE, O CO, WU FEBRIZ X % et %
1To7=. FTOFRERE, LiSiOs NEIR T LiZrO; 2K
MEZ LBl CO,WINEHEA /T2 Z L HA L
[20, 21]. WRUXPE DREECAH D> 5 ,LisSi04 & CO, DX
R TO L D Th D ¥ sz,
Li,Si0, + CO, <> Li,SiO; + Li,CO5 )
KW EN 5 L 91T, LiSiOf iIZB W Tix
Li,ZrO5 (1281 5 Z2r0, ((HEVK 2) BNYF v
LAZ Y r— b (LipSi0;) (2 & #ab - 7= FUi
L%, K3 IZKOHAKRORQ)E TICF I LT,
Li,ZrO; K& OY LiySi0y DX 7 A H = 3L ¥ —Z1L,
(CO, 43 E : 101 kPa) % 7R,

Z O THHB TRV X—ZA LA ORI TIE S
AN ETrZ L2, Boa bR ERERMN

EEN 2006 4E 7 A

.53

G BRI E 2300 B 5 EIRE TH S, =
THZEDRDND.

50

E’o T Emission /
g 0
o l Absorption —
23 g
S & s
€2 50 -7
-~
R=| G - -
83 e
5 oo 7.7
g -7 — — LiyZrOs+CO, < ZrO,+Li,CO,
a — Li;Si0,+CO, «» L,SiO5+Li,CO4

-150
0 200 400 600

Temperature [°C]

800 1000

3 X7 ZAEHT R

Li,ZrO; & OY LigSiO, (Xi@H D& 7 I v 7 A
WEOVBBICAKRTDHIZENTE DD, FEta
A NBEHE TR MIREREEE 2 HZ LIk
%. Li,SiOy B4 572 DJFE e LTIZ U D
(Si0,) WD Z N TE, VU HDFEE= A
RNz =T LY REBIZTFREZ b,
Li,SiO, DEAIC LV IKa X MERFEBLED.

LisSiO41E Li,ZrOs AR 1 B4 720 1 E/LD CO,
IG5 08, 4813 120 TH Y LiZrO; D 153
X o@EEfL Iz, ZOREE, LiySiOs D COy W
& (FEGHE) 1% 36.7 wt% & 72 0 Li,ZrO; (28.7 wt%)
LK 30%EVMEE fe o7, £, EEBICHAER
SYHERE (TG) ZAWZHEIEICEB VT LiySio,
139 35 wit%e D EHEEIEINZ R~ LT,

3. UF LD r— kD 00, RIR4FE

PUEo Xz LTRSS Li,Sioy 1X, CO,
WAIZB Uik~ R A H T 5.

FPNE, RIAVEEEL CE 2N AIRETS & D AR
NETFT HN5[22]. SR TORIICE L TE, k
WD X 512 T00CHHITE T CO, WULAFIRETH 5
ERIRFIS, RIS B 23 FE I . 4 12 20
vol%CO, ZFHA T 500°C THFF L7256 @ LiySiO,
O TG W% Li,ZrO; D8 D & k3 5. 20 vol%
RV COLIRE DA T 1 LiySiOs 13 LiyZrO; 1 b
K 50%m WL R (50 31%) 2R L TnDd. &
BT, LiySiOy OWIFIHIZ 51T 5 TG HhfR O =
M LipZrOs ([ZH_TH7e D) REWZ b nsd.
FNENWIA 1 g 4720, Li,ZrO; Tix 1 43I

J. HTSJ, Vol. 45, No. 192



B84« Bem L — A -

SRR R

#) 1.8 mg @ CO, ZWILF % DITxt L, LigSiOy T
I35 62 mg THDH I EMRfERINTZ. T7hbb,
LiyZrO; 1T Hu R LiySiO4 13549 30 {5 O T CO, & Wk
INT&DHZ L2725, K512 2 vol%CO, FHA T
500°C THR¥F L7235A D LiySiO, & LiZrO; @ TG ih
B 2T, 20 vol%CO, ZIHRDELAIC T
RZ EWIGEE 1T < 72> TV DAY, LiySiO, (1
5T CO, ZWIN L TWDB Z ERNbnd. —J7,
Li,ZrO; 1X1Z & A EEEMNZR L TR, Lz
25T, LigSiO4 1L LiyZrOs 23153 72 W UG FE % 7
72\ COBEMMEWEIK CHEEMFEETH 5.

30
25 LisSiO4
g
z 20
- e
g 15 T
= Li2ZrO3 .-~
£ 10 s
2 e Temperature: 500°C
= 5 - CO2: 20 vol%
Total pressure: 101 kPa
%10 20 30 40 50
Time [min]
4 TG #h#r (500°C, 20 vol%CO,)
30
Temperature: 500°C
25 | CO,: 2 vol%
'0\3' Total pressure: 101 kPa
2 20 LisSiO4
S
S 15
°
(&)
5 10
= 5
Li2ZrO3
0 i 1
0 10 20 30 40 50
Time [min]

5 TG #hifg (500°C, 2 vol%CO,)

I 51T, LigSiO4 1% Li,ZrOs TIEXI TE 22 ho
T2 TO CO, WG ATRE T H. AR LiySiO,
KON LibZrOs 12 & 5 CO, WU RESETH
3R L7 L D P IR EN TR 51T E
LTV —J7, #ER LRl s miRic

EEN 2006 4E 7 A
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ARG EWMPGEE TN EL 2D b 0o, Pim EIEE
BTREFNE CO,ZWINTHIEHLAEETHS.
FEBRT LiZrOs, LigSiOy T E IOV TR
D5 D COp WL MERE 2 51T L 72 F5 R 2 B 6 12T
HIEIZH R E SO MICHY, +o%RNEER
THORMBNICHREL, | BEEES{LEZRH~.

ENOIRE L CO, BIEITZEFICL Y 25CE 500
ppm £ 72D X HITHHEE L7z, LibZrO; Mg E A K H
BN Z R SR o 7=D2% L, LiySiO, 1359 30
Wt DEEMMEZRLTED, ZhbH 2 DOWIN

MOERITHALNTHD.
Temperature: 25°C
30 [ COy: 500 ppm
—_ Total pressure: 101 kPa
X
I Li4SiOg
2 20
(=]
c
£
= 10
2
; L|zZr03
00 H00 200 300 400 500
Time [h]
6 FEEA(LHIFR25°C, 500 ppmCO,)
Z OEEHINTIL CO WL KK DIKF R
HEFENDD, AT AR DGHIC LY EIC

CO, WNICEBDHLDOTHDZ ENRHERINTND
F 72, Li,SiO4 kL (200-500 um) % FEHE L 7= WY
BIC X DZEROFERBETIE, 131 100% &)
VY COp IR R S 72 [23].

S BT, LiySiOp IR KL O o 0 ik LIZE
WTEWIAEZ AT S, ERERTEISAND
nNaib vy A (Ca0) & CO, DG AE LA
TR

Ca0 + CO, « CaCO; (3)

X 3 ERBRICX 7 ADO BT X -2z R
% & CaO O FHHEE L 900°C & 72 V), LiySiO, & 49
2000CDZENRH D . EEE, 101 kPa @ 100 vol%CO,
KT TOM IR Li,Si0, 238 800C TH 5
DIZXKFL, CaO TIHKI 950CTHDH. L7~ T

LisSiO, I% CaO 1T~ T CO, i+ 2 Dz 88
TRIREEMN IR VAR Z D, BTN & i % #k
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DiIKT Z LN TE B[24-27]. S HLIZIHANEZE &
BTN HOWTHETZEDTEBY, 5mm
FEEDSRL v &2 HOWTH @ WIRIPEREHER
‘o5 TUVWDH[28, 29].

4. H

Li,SiO, (ITERMITLERKREED CO, ZWILT
X570, BEEO/NULBHIFFTE, FEERED
5 700°C D X 9 7 i F TR AR IR T o
AR T2, xR~ ARRET SN T
W5,

LiySiO4 (2 & D CO, 7Bl % 5 2 12356, 1@ 130K
HATELEE D 5 ASWRAIELE K 0 @\ 7 O PRSI 24T
IR R E AR T S5 2 &i2ked. 20
728 LiySiO4 [ZE 2 OB AR HT 5 Z &2
PE L. F£72, LigSiOq 12 X WL SSIEZE BT
HY, FOWRIETH DS TR B S T H
% (FEVEIT 142 K)/mol-CO,). ©F 1, ik
WCHIGNAE G T DL ERH D03, RIZEOEMN
ZOHOWRIZENTHELNLD. LR o>T
LiySiOy Z WD 2 E THROFmIDRD BN D
Ba, TN 0BOERHNEE LS.

% ZC LiySi0y DISHBIOF T, TR &
LTOREST L MIBIT D CO, 20BE, KO
Li,Si0, & AW 28 LWMERIS 7 7 > D22l
BL, 2FRHICEDLLBLELE & BITHNT 5.

41 BETS 2 D GO, [EYR

CO, I oBET 212X, VFUvAas U7
— MEFE LT ERORISEHE AR D B2, &
FOG#Z CO e (W) &I F e (k)
ERBIATOE A2 HABNEETH L EEPbh 5.
X 7IZHET T R DD CO, Y AT LD
WA RS, ZOTATATIE, &ED CO, %45
B9 2 LEEMEN S HAREIL 850CE LT 5.
T, BAEBROWM OBEAEFIRAT 5720, %
USRS DSWRSIRL PSR 2 72 D & 9 12 400°C DHEH
A EBAEBORIGERICEANT S, 22T, smHEkE
EE L TOMRETHT H70, HETAFDOLED
FEEED CO, Bl SNz E T CO, iR %,
WV, BN S e ONEE T — & & JRICFHR LT,
PEH A D CO, T 11 vol% TH 5. HEH AR
EDRBELRHRDLT0, KSgs N0 O T ARE %

400~600°C & L TR 7= CO, fHFER L X 8 1T~ .

EEN 2006 4E 7 A

-55-

rq

A (I A (k)
600°C |:| “[ﬂ'sso"c
“_[ " o, 2

JEHR BECO,H R

X 7 FBST MM BHD CO,EIR Y AT A

h
(=1

_ Initial absorbent temperature : 800°C == 400°C
-2 =
2 <= 430°C
=40 450°C
& - 500°C
3 30 +550°C
= = G00°C
L
= 20
=
=1
E
T
2 10

0

0 5 10 15 20
Time [min]

8 CO, flitEROMRELAL

WTNOHEE S T AEABEZITIZEERTHY,S
SYUANIZHERT 5 Z EnNbnsd. ZHUTHED A D
A X0 RINAREDME T L, 5 0% ISR
FEIRIZ AT Z LR BERL TS, b, HE7
ZIRFED 500°C & 550°C OB 1M DOIESE DS
R TEWHERZ T2 NN, 2T
#1110 vol% D CO, HAIZKF L, LiySiO4 2% 500~
600°C DFiPH TEV CO, WL HEREZ 7R L, 600°C %
B2 D ERMTHEREMET T2 2 ickp b
n5[30].

4.2 {LZERIEDRHE

A B (CHy) DARAKBEITRESIETH D
ZEMD, LisSiOu iz £ B CO, W LA/ HED
ERINRFDFREEFIHT 5 Z ENTE, CO, 4B
bR EEOOND LSS, 2ok
= LU FfisE & WAL 2 IR R U T SR AR &
VY, KFEK[YE CRIET 5 CO, 2 D8 ThRrET
AU, FEPHRREECRISDMEE SN D Z & b A
TN, WEGEICBWCEE AL DG % L
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TR
CH, + H,0 < 3H, + CO (4)
CO+ HzO <~ H2 + C02 (5)

WA LD CO,MBRESND Z LT, Ky 7
N G(B) , SHICkEREE (@) ek
Ihb.

ZO &) RIFPEEBERISERT, T2 & 2 ITARA
T 5 DR E OPREL ) B IRBERTIZ CO, & 4B
BYAT A~NOBEANREZOND. £ TEDRA]
BEMEZ A LN T B2, XU F Ry —ViES
HWT CH, #2{b3 & CO, ffifERZME L=, CH,
(LRI D CHy WHE SN2 EIATH Y, K
W DHEATE 2 n TR & L THW.

fibt e & WAL OVRAS W A EAE 50 mm, & & 1200
mm OGS EICFTIE L, BRI AW L 7.
T AVNIEORE B GEA L, TEoHHEH L.
F7°, KFBITLVABEAE 600°CCiEI L2k, /K
FEERITUIVEZ, T00CETHIE L. £ LT
HEND CHy L ARFERICE Y Bz, KEKKE %
B L7z, KIEKUE OMEITICRE, BE TR~
WK N L CO, W EEIIZ R L, 600CIZ72 >
TR C—E & 72D L9 ITHIE LERFEL 7=, 30 43
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[1] Ironbridge A World Heritage Site, The Ironbridge
Gorge Museum Trust Ltd and Jarrold Publishing,
ISBN 0-7117-0891-6 (1996).

[2] The Ironbridge and Town, The Ironbridge Gorge
Museum Trust Ltd and Jarrold Publishing, (2001).
[3] Coalbrookdale and the Museum of Iron, The
Ironbridge Gorge Museum Trust Ltd and Jarrold

Publishing, (1996).
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Wyik—, Friitt (2000).
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