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Abstract
The use of energy from alternative energy sources as well as the use of waste heat are key elements of an efficient energet-
ics. Adsorption heat storage is a technology that allows solving such problems. For the successful operation of an adsorp-
tion heat accumulator, it is necessary to analyze the thermophysical characteristics of the system under the conditions of 
the operating cycle: heat transfer coefficient adsorbent-metal (α2), overall (U) and global (UA) heat transfer coefficients of 
heat exchanger. Multi-walled carbon nanotube (MWCNT) composites are very promising for adsorption-based renewable 
energy storage and conversion technologies. In this work at the stage of heat release, α2 was measured by the large pressure 
jump (LPJ) method, at the stage of heat storage by large temperature jump method (LTJ), which made it possible to obtain 
thermophysical characteristics that corresponded to the implementation of the real working cycle as much as possible. The 
heat transfer coefficients for a pair of adsorbent LiCl/MWCNT—methanol are measured for the first time under the condi-
tions of a daily heat storage cycle both at the sorption stage (α2 = 190 W/m2K) and at the desorption stage (α2 = 170 W/m2K).

Keywords  Energy saving · Multi-wall carbon nanotubes · Adsorption heat storage · Heat transfer coefficient · Pressure 
jump · Methanol sorption

Abbreviations
AHS	� Adsorption heat storage
FFT	� Finned flat tube
LPJ	� Large pressure jump
LTJ	� Large temperature jump
MWCNT	� Multi-wall carbon nano tubes
HTF	� Heat transfer fluid
AdHex	� Adsorber heat exchanger
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K	� Finning coefficient
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Nu	� Nusselt number
P	� Pressure, bar
q	� Conversion
R	� Universal gas constant, 8.31 J/(molK)
S	� Surface area, m2

T	� Temperature, K, °C
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min	� Minimum
reg	� Regeneration
w	� Wall
0	� Saturation
*	� Equilibrium
1	� Media 1
2	� Media 2

Greek symbols
α	� Heat transfer coefficient, W/(m2K)
δ	� Thickness
Δ	� Difference, distance
λ	� Thermal conductivity, W/(mK)
τ	� Characteristic time, s

Introduction

The environmental situation on the planet is becoming a 
growing concern for the global community with each pass-
ing year [1]. A significant part of environmental problems 
is related to the use of non-renewable energy sources and 
atmospheric pollution by the products of their combustion 
[2]. Due to population growth, as well as global urbaniza-
tion and the expansion of factories and cities, the problems 
mentioned are becoming more and more acute every year 
[3]. To solve them, it is important to overcome challenges in 
several directions: (1) the use of alternative energy sources 
[4]; (2) the reuse of waste heat in industry, transport and 
housing sector [5, 6]. The main difficulty in using such 
energy sources is the inconsistency in time between the 
processes of heat generation and consumption [7]. How-
ever, developments in both the first and second directions 
can be implemented using the technology of adsorption heat 
storage (AHS) [8, 9]. In comparison with sensible [10, 11], 
and latent heat storage [12, 13] the AHS can be character-
ized by higher heat storage capacity and negligible losses 
during the heat storage stage [14]. This energy-saving tech-
nology solves the problem of harmonization between the 
stages of generation and consumption of waste heat. The 

main elements of an adsorption heat accumulator are a ves-
sel with a working liquid and an adsorber-heat exchanger 
(AdHex) filled with an adsorbent (Fig. 1). Due to their 
porous structure and chemical nature, adsorbents are able 
to reversibly bind vapors of the working fluid. The sorption/
desorption processes are accompanied by exothermic/endo-
thermic thermal effects, which can be used by the consumer. 
Another advantage of the adsorption heat storage technology 
is the possibility to use low-grade heat (for example, solar 
and geothermal energy, waste heat from engines of various 
mechanisms, etc.) with a temperature potential of less than 
100 °C for adsorbent regeneration [15]. Let us consider the 
working principle of an adsorption heat accumulator for the 
process of daily heat storage [16]. The adsorbent is dried 
due to the Sun energy harvested by a solar collector of the 
simplest design which can provide regeneration temperature 
(Treg) about 80 °C. At the same time, the desorbed vapors 
of the working fluid are collected in the condenser, which is 
at ambient temperature during the day (Tcon) (Fig. 1). After 
drying, the adsorbent must be isolated from the reservoir 
with the working liquid using a system of taps—the accu-
mulated heat can be stored indefinitely. If there is a need to 
release and use the stored heat, it is necessary to bring the 
dry adsorbent into contact with the vapors of the working 
fluid maintained at the evaporation temperature Tev—heat 
will be released due to the implementation of the exothermic 
sorption process at the desired temperature Tad.

The thermodynamic cycle of daily adsorption heat accu-
mulation is determined by four stages presented in Clau-
sius–Clapeyron coordinates (Fig. 2). The stage of adsorbent 
regeneration 1–2 is realized at constant pressure in the con-
denser Pcon. During this stage a certain amount of work-
ing liquid ∆w is desorbed from adsorbent and collected in 
the condenser. This process requires the supply of a certain 
amount of heat sufficient to desorb the vapors and heat up 
the adsorbent. Isosteric cooling of the adsorbent 2–3 pro-
ceeds when the adsorbent is disconnected from the reservoir 
with the working fluid and amount wmin of working liquid 
associated with the adsorbent is unchanged.

Fig. 1   Principle of a adsorption 
stage; b desorption stage
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The stage of heat release 3–4 is initiated by a sharp 
change in pressure over the adsorbent up to Pev. During this 
stage the vapors of the working liquid that was desorbed at 
(1–2) come from the reservoir back to the adsorber where 
useful heat is released due to adsorption. The final stage of 
the considered cycle is isosteric heating (at constant uptake 
wmax) of the adsorbent prior to regeneration 4–1. At this 
stage some heat is required to heat up the adsorbent.

The perfection of such kind of adsorption heat accumula-
tor can be determined by a set of different criteria, among 
which one can mention the following: (1) the amount of 
stored heat per unit mass or volume; (2) balance between 
the useful heat obtained at the adsorption stage and heat 
consumed for regeneration; (3) the intensity of heat release 
and heat consumption at these two stages. The first two cri-
teria are determined mainly by thermodynamic properties of 
the adsorbent whereas the intensity of heat transfer depends 
on conductance of AdHex unit. That is why, knowledge of 
these properties is of a great importance for improvement of 
the AdHex, that is one of the most important opportunities 
for increasing the efficiency of the adsorption heat machine 
[17, 18]. Currently, finned flat tube (FFT) heat exchangers 
are used to design real prototypes and laboratory test rigs 
[19]. A number of works have shown that FFT geometry is 
the most promising for the applications under consideration 
[20]. The intensity of heat transfer in the adsorbent–heat 
exchanger system is characterized by global heat transfer 
coefficient (UA) of the heat exchanger. The UA coefficient 
is a function of heat transfer coefficient α2 between the metal 
and the adsorbent and geometric parameters of AdHex [21]. 
The change in α2 coefficient can dramatically affect the UA 
value of the system. The method of large temperature jump 
(LTJ) [22] is a powerful technique for measuring the α2 coef-
ficient. However, this method is widely used for adsorption 

cycles, where both the regeneration (desorption) and cold 
production (adsorption) stages are isobaric [23]. Previously, 
it was shown that when using α2 obtained by the LTJ method 
as parameter for calculating UA, the result of the calculation 
and the results of direct measurement of UA for the FFT heat 
exchanger are very close [24].

In the cycle under consideration, the heat storage stage 
(1–2 Fig. 2) is initiated by sharp temperature jump whereas 
heat release stage is initiated by sharp pressure jump (3–4 
Fig. 2). Thus, the target adsorption stage is not isobaric, but, 
initiated by change in pressure over the adsorbent. Consid-
ering, in general, the state of the art in the field of adsorp-
tion systems of heat conversion and storage, [25, 26] one 
can say that the luggage of knowledge about the properties 
of adsorbents is richer in knowledge about their thermody-
namic properties than about their dynamic data. That is why 
in this work, the measurements of the metal–adsorbent heat 
transfer coefficients are carried out not only by the standard 
LTJ technique applicable to the regeneration stage, but also 
by a new technique specialized for heat release stage under 
pressure jump conditions. This is of fundamental impor-
tance, since such technique simulates how the stage of heat 
release occurs under the conditions of the cycle. The paper 
will consider the cycle of daily heat storage during the off-
season (Tcon = 15 °C, Tev = 5 °C, Treg = 80 °C, Tad = 30 °C). 
The composites “Salt inside porous matrix” are very prom-
ising for adsorption heat transformation [27]. Modification 
of porous matrix by active salt increases sorption capacity 
of the material [23]. For example, lithium chloride is very 
popular for synthesis of composite sorbents for adsorption 
heat transformers [28, 29]. In this work a promising system 
of composite adsorbent based on multi-wall carbon nano-
tubes—methanol was chosen as a working pair. Nanotubes 
are widely used to create various composite materials [30, 
31], including composite adsorbents for adsorption applica-
tions [32–34]. It has been shown that using of such materi-
als with stepped adsorption isotherm is very profitable for 
adsorption heat storage, both from the thermodynamic (high 
sorption capacity under the conditions of adsorption heat 
storage cycles [33, 35]) and from the dynamic point of view 
[36] (high power values both at the sorption stage and at the 
regeneration stage [37]). It was shown that the composite 
demonstrates heat storage capacity up to 0.92 kJ/g even at 
very low regeneration temperature 70–80 °C [33] which can 
be supported by simplest solar collector.

For many composite materials, the literature presents data 
on sorption equilibrium and energy storage capacity under 
the conditions of adsorption heat transformation cycles [16]. 
However, for the implementation of adsorption heat trans-
formers into real life, it is necessary to study not only the 
thermodynamic but also the thermophysical characteristics 
of sorbents. In this work, for the first time, heat transfer 
coefficients sorbent-metal will be measured for the “LiCl/

Fig. 2   Working cycle of adsorption heat storage process
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MWCNT—methanol” system based on multi-wall carbon 
nanotubes (MWCNT) both for the sorption and for the des-
orption stages of the adsorption heat storage cycle. Using 
measured α2 global heat transfer coefficients for FFT heat 
exchanger will be calculated. These data are important both 
from practical and fundamental points of view.

Theoretical considerations

In FFT heat exchanger, the granules of adsorbent are placed 
between the fins and the channels through which the heat 
transfer fluid (HTF) circulates (Fig. 3).

The global heat transfer coefficient UA for FFT heat 
exchangers can be calculated as a product of the overall heat 
transfer coefficient U (W/m2K) by the channels area A. The 
overall heat transfer coefficient can be expressed according 
to the formula [38, 39]:

where λw is the thermal conductivity of the channel’s wall 
(λw = 200 W/(mK) for aluminum), δw is the thickness of 
the channel’s wall, α1 is heat transfer coefficient between 
HTF and channel’s wall, α2 heat transfer coefficient between 
granules of the adsorbent and metal of Hex, E fin efficiency 
coefficient, K finning coefficient [38].

Parameter E characterizes how heat removal from fin’s 
surface decreases due to the non-isothermal nature of the 
real thin fin compared to the ideal case, if the fin was com-
pletely isothermal [38]:

where δf is the thickness of the fin, λw is the thermal con-
ductivity of metal. The α1 coefficient between the channel’s 
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wall and the HTF depends on the geometry of the channels 
and the physical properties of the fluid:

where, h’ch is the internal channel’s height, λHTF is the ther-
mal conductivity of HTF (for water λHTF = 0.67 W/mK at 
80 °C and 0.618 W/mK at 30 °C), Nu is the Nusselt num-
ber. In case of laminar flow the Nusselt number realized 
for discussed geometry equals about 8 [40]. To find the α2 
coefficients, measurements under the realistic conditions of 
the considered working cycle should be carried out (Fig. 4).

For adsorption/desorption stages initiated by a tem-
perature jump, the procedure for heat transfer coefficients 
α2 (flat layer) measuring is described in literature [23]. To 
determine α2 the kinetic curves under quasi-isobaric condi-
tions and different temperature driving force of the process 
(ΔT = Tfin − Tinit) should be measured (Fig. 4 orange arrows). 
It is important to note, that for adsorbents with a stepped 
sorption equilibrium curves (e.g. Figure 5a), Tinit can be 
determined from the position of the step at the fixed pres-
sure Tinit = Td* (Fig. 5 b, Fig. 4). Change in Tfin will result 
in different values of maximum power transferred from the 
adsorbent to the HTF through the area of adsorbent-metal 
contact:

where m mass of the adsorbent, α2 heat transfer coefficient 
between flat layer of the adsorbent and the metal support, S 
area of adsorbent-metal contact. The α2 coefficient can be 
determined as the slope of the graph “maximal power Wmax 

(3)�1 =
Nu ∙ �HTF

h
�

ch

(4)Wmax = �2SΔT∕m = �2S(Tf in − Tinit )∕m

Fig. 3   Scheme of fins and channels of FFT heat exchanger

Fig. 4   Scheme for α2 measurements: temperature jumps (orange 
arrows) and pressure jumps (yellow arrows). Adiabatic heating of 
adsorbent is showed by dashed arrow
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vs ΔT”. After a number of experiments at different final 
desorption temperatures Td

fin (Td
1, Td

2, Td
3) (Fig. 4 orange 

arrows) α2 for the adsorbent regeneration stage (Fig. 2 points 
1–2) can be determined [23].

In case of heat generation, the adsorption stage is ini-
tiated by pressure jump (3–4 Fig. 2). Measurement of α2 
under such conditions is quite different from the abovemen-
tioned widespread LTJ technique. The main feature of the 
new technique is the assumption that after adsorption of 
the first portions of working liquid, the adiabatic heating of 
the adsorbent up to temperature Tad* occurs (Fig. 4, dashed 
arrow). After that temperature of the adsorbent decreases to 
Tad

fin, which equals temperature of HTF circulating through 
AdHex channels. In other words, a thermal driving force 
appears due to pressure jump. This quite new method was 
approved and verified by comparison of experimental and 
theoretical results published in [41].

For composite materials “Salt inside porous matrix” char-
acterized by a stepped isotherm [42] the reaction between 
the salt in the matrix pores and the vapors begins when the 
adsorbent reaches temperature Tad* (Fig. 5b). Taking this 
fact into consideration one can assume that the driving force 
of the reaction may be calculated as ΔT = Tad* − Tad

fin. For 
a number of different pressure jumps (Fig. 4 yellow arrows) 
different driving force values can be realized ΔT = Tad* 
− Tad

fin (Tad
fin: Tad

1, Tad
2, Tad

3). Plotting the dependence of 
the maximum power versus ΔT make it possible finding α2 
coefficient (as a slope of the graph) for the heat release stage 
initiated by sharp pressure jump. The temperature Tad* can 
be found from the sorption equilibrium data of the working 
pair “LiCl/MWCNT—methanol” [33] (Fig. 5).

The boundary adsorption potentials of Polanyi ΔF deter-
mine the window of the adsorption heat storage cycle [43]. 

Amount of adsorbed liquid can be definitely determined as 
a function of only one parameter—the Polanyi potential 
w = f(ΔF). The Polanyi potential ΔF can be calculated as a 
function of the working cycle conditions (Tcon, Tev, Treg, Tad, 
Pcon, Pev). These parameters are determined by the climatic 
conditions of the region where the device will be used. The 
boundary potential ΔFd related to the weak isostere (wmin) 
(stage 2–3 Figs. 2, 4) can be find according to the following 
expression:

where P0(Treg)—saturated pressure of methanol at the regen-
eration temperature Treg.

The reach isostere (wmax) corresponds to the boundary 
potential ΔFad (stage 4–1 Figs. 2, 4). Adsorption potential 
in this case can be find using the following formula:

where P0(Tad) saturated pressure of methanol at temperature 
Tad.

The boundary potentials (the window of cycle) and 
functional dependence w = f(ΔF) give the possibility to 
estimate amount of working liquid exchanged in the cycle 
by the adsorbent (Fig. 5) Δw = wmax − wmin. The chemical 
reaction between methanol and LiCl placed inside pores 
of matrix manifests itself on isobar as a step (Fig. 5). The 
reaction temperature Tad* can be found from the position 
of this step. In considered daily heat storage cycle, the 
saturation vapor pressure of working liquid is 55 mbar 
and 96 mbar at Tev = 5 °C and Tcon = 15 °C, respectively. 

(5)ΔFd = −RTregln

(

Pcon

P0
(

Treg
)

)

,

(6)ΔFad = −RTadln(Pev∕P
0(Tad)),

Fig. 5   a Boundary potentials of daily heat storage cycle and depend-
ence of uptake “w vs Polanyi potential ΔF” for “LiCl/MWCNT—
methanol” calculated using data of [33]; b Calculated (solid symbols) 

and measured in [33] (open symbols) isobars for the system “LiCl/
MWCNT–methanol” at Pev 55  mbar (blue closed square, closed 
square) and 96 mbar (brown triangle)
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To estimate Tad*, one needs to use data about sorption 
isobars at appropriate pressures. These isobars can be 
recalculated from data array “w vs ΔF” [33]. The data 
from [33] should be recalculated into a data array “w 
vs T” at constant pressures equal to Pev = 55 mbar and 
Pcon = 96 mbar. To recalculate the data, it is necessary to 
rewrite the expression (6):

To get saturation vapor pressure P0(T) of methanol 
Clausius–Clapeyron equation should be used:

where T0 boiling temperature of methanol at pressure 
P = 1 atm. The rewriting of (8) taking in mind that T0 = con-
stant gives:

where Q and D are constants related to enthalpy and entropy 
characterizing evaporation of methanol. After combination 
of (7) and (9) and a number of mathematical transformations 
one can get final expression for Tad:

Using the expression (13) it is possible to convert 
the array of “w vs ΔF”, into arrays of “w from T” at 
Pev = 55 mbar and Pcon = 96 (Fig. 5b). It is important to 
note that isobar for Pcon = 96 mbar calculated from data 
published in [33] and isobar directly measured in [33] at 
the same pressure coincide (Fig. 5b). So, the proposed 
recalculation procedure can be used for building isobar at 
Pev = 55 mbar (unfortunately such data are not presented 
in literature). From the position of the step on plotted iso-
bars, it is evident that for heat release stage Tad* ≈ 36 °C 
and for heat storage stage Td* ≈ 45 °C (Fig. 5 b). These 
values of T* and the measured values of the maximum 
power will serve for calculation of the α2 coefficients for 
adsorption and desorption stages.

(7)ΔFad = −RTad
(

ln
(

Pev

)

− ln
(

P0
(

Tad
)))

,

(8)ln

(

P0(T)

(P = 1atm)

)

= −
ΔH0

R
∗

(

1

T
−

1

T0

)

,

(9)ln
(

P0(T)
)

= D +
Q

T
,

(10)ΔFad = −RTad

(

ln
(

Pev

)

−

(

Q

Tad
+ D

))

,

(11)ΔFad = −R(Tadln
(

Pev

)

− Q − TadD),

(12)
ΔFad

−R
+ Q = Tad(ln

(

Pev

)

− D),

(13)Tads =

(

ΔFad

−R
+ Q

)

∕(ln
(

Pev

)

− D),

Materials and methods

Adsorbent synthesis

The procedure of the composite adsorbent LiCl/MWCNT 
preparation is described in detail in [33]. The multi-wall 
carbon nanotubes were synthesized and provided by the Lab-
oratory of Surface Compounds Synthesis of the Boreskov 
Institute of Catalysis [44, 45]. Composite was synthesized 
by a wet impregnation method described in [33] using 
MWCNT as a matrix. Firstly, MWCNT were dried at 160 °C 
and immersed in excess of LiCl alcohol-aqueous solution 
with 1 h exposition time. The water-jet air pump was used 
to remove the solution excess by filtration. The sample was 
rinsed out with ethanol to remove the salt from the external 
surface of MWCNT globules and then dried at 160 °C for 
12 h until the constant weight. From the difference in weight 
of the prepared composite and weight of initial matrix the 
salt concentration in the material was calculated and turned 
out to be as high as 41 wt.%. LiCl/MWCNT powder was pel-
letized using pressing during 30 s without any binder. The 
granules with the grain size of 0.4–0.5 mm were prepared 
from pellets by grinding and sieving. Texture characteris-
tics of the prepared material were measured by a low-tem-
perature nitrogen adsorption (NOVA 1200e): pore volume 
2.7 cm3/g, surface area 145 m2/g. Scanning electron images 
were obtained with a microscope JEOL JSM-6460 (Fig. 6).

Heat transfer coefficients measurements

Heat transfer coefficient during adsorption stage

To measure α2 coefficient under conditions of the adsorp-
tion stage the large pressure jump (LPJ) method was used 
(Fig. 7, blue circuit). The LPJ method gives a possibility to 
simulate in a laboratory the operation of a real adsorption 
heat accumulator.

Under conditions of heat release stage, methanol sorp-
tion was initiated by a pressure jump over the adsorbent. 
The support with monolayer of the adsorbent was main-
tained at a constant temperature. The pressure jump was 
organized by opening valve between the reactor with 
adsorbent (Pinit) and the buffer tank (Pfin) (Fig. 7). After 
reaching the equilibrium pressure in the whole system is 
close to pressure in buffer tank (Pfin) because volume of 
buffer vessel is about 300 times larger than volume of the 
reactor. Pressure temporal evolution in the system was reg-
istered with the pressure gauge. The amount of adsorbed 
methanol was calculated according to ideal gas equation. 
In details method of adsorption kinetic measurements by 
pressure jump is described in [46].
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As it was mentioned above, to calculate α2, a number 
of experiments at different adsorption temperatures (Tad

1, 
Tad

2, Tad
3 etc. (Fig. 4 yellow arrows)) were carried out. Final 

pressure was fixed Pfin = Pev = 55 mbar, that corresponds to 
saturated pressure of methanol at Tev = 5 °C. Initial pressure 
Pinit was 4, 5, 7, 9 mbar that corresponds Tad

fin = 20, 25, 30, 
and 35 °C.

Heat transfer coefficient during desorption stage

In order to simulate desorption stage, method of Large tem-
perature jump (LTJ) was used [22]. Desorption was initiated 
by sharp change in temperature of the metal support under 
the adsorbent by commutation with two thermostats at con-
stant pressure Pcon = 96 mbar (Fig. 7, red circuit). The initial 
temperature of desorption was 41 °C, the final temperature of 
desorption was varied Td

fin = 70, 75, 80, and 85 °C. Configu-
ration of granules was the same as in the adsorption experi-
ment. Buffer vessel was connected with reactor during all time 
of the experiment supporting the quasi-isobaric conditions. 
Pressure temporal evolution in the system was registered with 

the pressure gauge. The amount of adsorbed methanol was 
calculated according to ideal gas equation.

Results and discussion

Heat transfer coefficient for adsorption stage

The typical kinetic curves of methanol adsorption initiated by 
pressure jump are presented in Fig. 8. One can see that with a 
decrease in Tad

fin, the driving force of the adsorption process 
ΔT = Tad* − Tad

fin increases, which leads to a shorter time to 
reaching equilibrium. Thus, for the kinetic curve obtained at 
Tad

fin = 35 °C, the conversion close to 1 is achieved in 1200 s, 
while for the curve obtained at Tad

fin = 30 °C, the appropriate 
time is 500 s (Fig. 8a). The initial parts of considered curves 
obey an exponential equation:

(14)q =
w(t)

w(t = ∞)
= 1 − exp

(

−
t

τ

)

,

Fig. 6   SEM images of MWC-
NTs (a) and LiCl/MWCNTs 
(b). Magnification 5:10,000

Fig. 7   Setup for α2 measure-
ment: adsorption stage (blue 
circuit) and desorption stage 
(red circuit)
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where q conversion is a ratio of methanol amount adsorbed 
at time t to methanol amount adsorbed in equilibrium (at 
t → ∞), τ—characteristic time of the process. Such behavior 
was found in the literature for various adsorbents such as salt 
in a porous matrix, coals, and also for various metal organic 
frameworks [16, 47–49].

In the experiments performed, the kinetic curves at lower 
temperatures Tad

fin (20, 25 °C) were restricted before reach-
ing the full conversion. Indeed, at low adsorption tempera-
ture in case of reaching q ≈1 the adsorbent would sorb a 
volume of liquid that exceeds the pore volume of the matrix. 
Thus, upon approaching to q = 1, the methanol solution of 
the salt would leak out of the pores, which would lead to 
sample deterioration. To avoid this scenario, the duration 
of the experiments was no more than 50 s and the conver-
sion did not exceed 0.45 (Fig. 8b). The initial parts of these 
curves also obey exponential approximation (Fig. 8b). Using 
the Eq. (14) it is easy to find the characteristic time graphi-
cally as a slope of the initial part of the graph “ln(1 − q) vs 
t” (Fig. 9a, Table 1). Change in Tad

fin leads to change in the 
ΔT = Tad* − Tad

fin value. Increasing of the adsorption tem-
perature from 20 to 35 °C results in increase of characteristic 
time from 66 to 180 s (Table 1). As kinetic curve obeys the 

exponential equation maximum adsorption power can be 
find according to the formula:

where Δw – amount of methanol adsorbed in equilibrium 
under conditions of the cycle, ΔH is isosteric heat for metha-
nol sorption by LiCl/MWCNT 47 ± 3 kJ/mol [33]. For gran-
ules with size 0.4–0.5 mm Wmax is in the range of 8.3–36.3 
W/g (Fig. 9b, Table 1).

Using the obtained data (Table 1) the heat transfer coeffi-
cient between metal and adsorbent was found from a slope of 

(15)

Wmax(t=0) = Δw ∗ ΔH ∗
d
(

1 − exp
(

−
t

�

))

dt (t=0)
= Δw ∗ ΔH ∗

1

�

Fig. 8   Kinetic curves for 
LiCl/ MWCNT—methanol 
at Pfin = 55 mbar and Tad

fin: a 
30 °C, (blue square) pres-
sure jump from 7 mbar, 35 °C 
(square) pressure jump from 
9 mbar; b (a) 20 °C (blue 
square), 25 °C (square). Experi-
ment – symbols, red line – 
linear approximation

Fig. 9   a Initial part of kinetic 
curve in logarithmic coordinates 
for LiCl/MWCNT—methanol 
at Tad

fin = 25 °C, pressure jump 
from 5 to 55 mbar; b maximum 
power vs ΔT. Experiment – 
symbols, red lines – linear 
approximation

Table 1   Characteristics of adsorption process at different Tad
fin

Tad
fin, C ΔT, C τ, s Wmax, W/g

20 16 66 36.3 ± 0.5
25 11 81 25.7 ± 0.5
30 6 113 15.8 ± 0.5
35 1 180 8.3 ± 0.5
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the plot “Wmax vs ΔT” α2 = 190 ± 10W/(m2K). If α2 is known, 
the global heat transfer coefficient UA of Hex with deter-
mined geometry can be estimated (1–3). For example, let’s 
consider heat exchanger with following geometrical param-
eters: primary surface area A = 0.0264 m2, area of the fins 
Af = 0.1281 m2, height of the fins hf = 8 mm, thickness of the 
fins δf = 75 μm, fins pitch Δf = 1.7 mm, internal height of the 
channel h’ch = 1 mm, wall thickness δw = 0.5 mm. This Hex 
was described in details in [24]. For considered Hex loaded 
with composite LiCl/MWCNT granules 0.4–0.5 mm overall 
heat transfer coefficient U equals 833 W/m2K. Thus, global 
heat transfer coefficient for abovementioned Hex UA = 22 
W/K. Taking into account that the Hex volume is 140 cm3, 
it is easy to estimate the volumetric thermal conductance of 
Hex with determined geometry as high as 157 W/(K∙dm3). 
From conditions of the cycle (Tad = 30C and Tev = 5C) and 
sorption equilibrium data (Fig. 5b Tad* = 36 °C) temperature 
driving force realized in the adsorption stage (3–4, Fig. 2) 
can be found ΔT* = 36 °C – 30 °C = 6 °C. In this case it is 
easy to evaluate the volumetric maximum adsorption power 
generated during adsorption for considered Hex: Wmax(te
or) = UA∙ΔT*/VHex = 0.9 kW/dm3. Thus, knowing α2 and 
geometry of any FFT Hex one can easily estimate maximum 
power of the heat release stage for defined cycle.

Heat transfer coefficient for desorption stage

From Fig. 10a one can see that time needed for temperature 
jump from 41 to 80 °C of metal support is approximately 
20 s. This very fast rise in temperature of metal support 
initiates desorption process. Data obtained from kinetic 
experiments are in good agreement with sorption equilib-
rium of the system LiCl/MWCNT—methanol (Fig. 5a). 
Indeed, according to sorption equilibrium data change in 
uptake Δw in the cycle equals 1.2 g/g. Approximately the 
same value of uptake change (Δw = 1.2 ± 0.1 g/g) one can 
observe for measured kinetic curve (Fig. 10a). In com-
parison with traditional adsorbent materials under the 
same cycle conditions this Δw value is impressive (for 
systems “microporous silica gel—water” [50] and “carbon 
MaxSorbIII—methanol” [51] Δw is about 0.066 g/g and 
0.6 g/g respectively).

For Td
fin = 80 °C the initial part of kinetic curve obeys 

exponential Eq. (14) (Fig. 10b). The same behavior was 
observed for other desorption temperatures Td

fin = 70, 75, 
85 °C (not presented). Using the Eq. (14) it is easy to find the 
characteristic time graphically from the slope of the initial 
part of the graph “ln(1 − q) vs t” (Fig. 11a, Table 2). The 
values of maximum power were found according to (15).

Fig. 10   Desorption kinetic 
curves for LiCl/MWCNT—
methanol at Pev = 55 mbar, 
Td

fin = 80 °C: a amount of 
methanol bound by the sorbent 
(symbols), temperature (line); 
b conversion (symbols), line – 
exponential approximation

Fig. 11   a Initial part of kinetic 
curve in logarithmic coordinates 
for LiCl/MWCNT—methanol 
at Pev = 55 mbar, Td

fin = 80 °C; 
b maximum power vs ΔT. 
Experiment – symbols, red lines 
– linear approximation
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Again, increase in driving force results in increase of 
power generated during desorption stage. For granules 
with size 0.4–0.5 mm Wmax for desorption stage lies in the 
range of 45–75 W/g (Fig. 11b, Table 2). It is important 
to note that regeneration of the system needs very short 
time. Indeed, Fig. 10b evidences that 10 min is more than 
enough for completing the desorption.

The heat transfer coefficient between metal and 
adsorbent for desorption stage was found from a slope 
of plot “Wmax vs ΔT” α2 = 170 ± 10W/(m2K). The UA 
coefficient realized by abovementioned Hex in this case 
equals 20 W/K. This corresponds to volumetric conduct-
ance 146 W/(Kdm3). The temperature driving force can 
be found as ΔT* = Treg – Td* = 80 °C – 45 °C = 35 °C. 
Using temperature driving force value one can theoreti-
cally estimate maximum power during desorption stage 
Wmax(theor) = UA∙ΔT*/ VHex = 5.1 kW/dm3.

Typical coefficients α2 previously measured in works 
devoted to adsorbents under the conditions of adsorption 
heat transformation cycles are in the range of values from 
100 to 200 W/K [16, 52, 53]. The heat transfer coefficients 
obtained in this work are in accordance with this range. 
It is interesting to note that the heat transfer coefficients 
for the stages of sorption and desorption for the “LiCl/
MWCNT—methanol” system do not differ too much—the 
difference is about 10%. When comparing the obtained 
coefficients α2 with the heat transfer coefficients obtained 
for the “LiCl/SiO2—methanol” system in a similar cycle 
[41], one can say that for both systems the heat trans-
fer coefficient at the sorption stage initiated by a pressure 
jump is higher than at the desorption stage initiated by a 
temperature jump. In general, α2 obtained for the “LiCl/
MWCNT—methanol” system is lower than the corre-
sponding coefficients for the “LiCl/SiO2—methanol” sys-
tem for the adsorption stage (270 W/m2K [41]) and higher 
for the desorption one (130 W/m2K [41]). It is important to 
note that the estimated UA values per unit of Hex volume 
about 150 W/(Kdm3) are visibly higher than those reported 
in literature which is 50–100 W/(Kdm3) [54]. Taking into 
account the high value of the sorption capacity, the values 
of heat transfer coefficients exceeding 150 W/m2K for both 
the sorption and desorption stages, and the extremely short 
regeneration time of the adsorbent LiCl/MWCNT under 
cycle conditions, it is evident that the considered working 

pair is promising for renewable energy storage and conver-
sion by daily heat storage.

Conclusions

The paper considers the thermophysical characteristics of 
the working pair LiCl/MWCNT—methanol for the cycle 
of daily heat accumulation. For the heat release stage, the 
heat transfer coefficient was obtained using the large pres-
sure jump method. For the heat storage stage, the large tem-
perature jump method was applied. The value of α2 at the 
sorption stage is 190 W/m2K, and at the desorption stage it 
is 170 W/m2K. With use of α2 as a parameter, theoretical 
estimations of the maximum power that would be generated 
in a FFT heat exchanger of known geometry filled with the 
adsorbent LiCl/MWCNT under the conditions of a daily heat 
storage cycle were done. The maximal volumetric power 
during heat release was found to be as high as 0.9 kW/dm3.
The volumetric conductance for the considered Hex filled 
with studied adsorbent is about 150 W/(Kdm3). The above-
mentioned characteristics of LiCl/MWCNT adsorbent dem-
onstrates the perspective of using this material for sustain-
able energy applications.
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