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evaluation of adsorbent/water working pairs by
integrated mathematical modelling and machine
learning†
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and Song Li *a

Efforts to improve the efficiency of adsorption chillers (ACs) catalyzed the invention of cascaded ACs (cACs)

with higher overall efficiency that can reutilize the input thermal energy by cascaded stages consisting of

a high-temperature stage (HS) and a low-temperature stage (LS). Although the use of water as the

refrigerant in cACs is highly attractive, it is an extreme challenging task to identify promising adsorbent/

water working pairs from a large number of candidates by a computational or experimental strategy. In

this work, the coefficient of performance for cooling (COPC) and the specific cooling effects (SCE) of

over 90 000 cACs based on varying adsorbent/water working pairs were evaluated based on an

experimental water adsorption isotherm database (EWAID) by mathematical modelling. Nine cACs with

record-breaking COPC (>1.63) were identified, and it was also revealed that MOFs and zeolites are more

potential adsorbents for the HS, while MOFs and COFs are potential candidates for the LS. The

relationships between adsorption properties and cooling performance were clearly demonstrated, in

which the high water working capacity, I-type water adsorption isotherms with strong adsorbent/water

interaction for the HS and V-type adsorption isotherms with the weak interaction for the LS, is favorable

for high-performance cACs (i.e., COPC > 1.5). Besides, the random forest (RF) model of machine learning

was successfully executed to accelerate the accurate prediction of the COPC of thousands of cACs

based on adsorbent/water working pairs.
1. Introduction

Thermally driven adsorption chillers (ACs) utilizing solar energy
and low-grade waste energy such as engine exhaust or waste
heat from industrial processes,1,2 can be an alternative to the
traditional vapor compression refrigeration system, which is
benecial to reducing electricity consumption and alleviating
global warming from carbon dioxide emission.3,4 However, the
theoretical upper limit of the coefficient of performance for
cooling (COPC) is only 1 for single-stage ACs consisting of one
basic thermodynamic cooling cycle.5 To further improve the
COPC, advanced AC cycles involving heat and mass recovery,
forced convection, multi-bed cascade and so on have been
proposed.4,6–8 Multiple-effect cascaded ACs (cACs) consisting of
two or more adsorption beds operating in series can multiply
the energy efficiency (COPC) compared with single-stage ACs,
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owing to the heat recovery of input thermal energy by cascaded
stages at progressively lower temperatures.9,10 The increased
number of cascaded adsorbent beds is able to signicantly
increase the upper limit of the COPC, but it also causes an
increased driving temperature and the complexity of the
device.11,12 Based on these considerations, cACs including two
cooling cycles or two stages (i.e. high-temperature stage (HS)
and low-temperature stage (LS)) with a theoretical upper limit of
COPC ¼ 2 were extensively investigated.13–15

The cooling performance of cACs greatly depends on the
working pairs including adsorbents and working uids (i.e.
refrigerants). As for common working uids such as water,
alcohol, ammonia and alkane, water attracted the most atten-
tion due to its abundance, low cost, high enthalpy of evapora-
tion and non-toxicity.16–18 The cooling performance of
traditional adsorbents such as silica gel, zeolite and activated
carbon in cACs with water working uids has been investigated.
Douss et al. designed and tested a cascading cycle consisting of
two zeolite/water beds in the HS and an activated carbon-
methanol bed in the LS, which gave rise to a COPC of 1.06
and a specic cooling power (SCP) of 37 W kg�1.10 It was re-
ported that the cAC using zeolite/water and silica gel/water
J. Mater. Chem. A
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Fig. 1 The ideal isosteric diagram of cascaded adsorption chillers
(cACs) consisting of the low-temperature stage (LS, L1–L4) and high-
temperature stage (HS, H1–H4). Q represents the transferred heat by
adsorbent/water working pairs.
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working pairs in the HS and LS, respectively, displayed a COPC
of 1.35 that is much higher than that of the single-stage AC
(about 0.5).19 Recently, metal–organic frameworks (MOFs) pos-
sessing excellent water adsorption capacity have been regarded
as the potential adsorbent candidates for adsorption heat
transformation.20–23 In cACs, the cooling performance of three
Zr-based MOFs/water working pairs (i.e. NU-1000/water, UiO-66/
water and DUT-67/water) in the HS and LS was predicted by
mathematical modelling, among which using DUT-67/water
working pairs for both the HS and LS achieved the highest
COPC of 1.43 and a circulating cooling capacity of 2.6 � 104 kJ.24

Rieth et al. announced a record-breaking COPC of 1.63 in cACs
with two different MOF/water working pairs (i.e. Co2Cl2BTDD/
water in the HS and Ni2Cl2BBTA/water in the LS) at a low
driving temperature of 127 �C.14 In addition, covalent organic
frameworks (COFs) also are one kind of potential candidate for
cACs.25,26

Given the exponentially growing number of possible
combinations of working pairs for the LS and HS with the
development of adsorbents,27 especially MOFs,28 it is imprac-
tical to experimentally test the cooling performance of each
working pair. High-throughput computational screening
(HTCS) based on grand canonical Monte Carlo (GCMC) simu-
lations has been applied to quickly assess the adsorption cool-
ing performance of over three million combinations of MOF/
ethanol and COF/ethanol working pairs in cACs, in which
small-pore MOFs exhibiting I-type adsorption isotherms and
large-pore COFs with stepwise adsorption isotherms are pref-
erential adsorbents for the HS and LS, respectively.15 However,
unlike adsorbent-ethanol, the computational screening of
adsorbent/water working pairs by GCCM simulation is
extremely challenging mainly due to the ultrahigh computa-
tional cost of water adsorption simulation.29,30 In order to ach-
ieve the computational screening of adsorbent/water working
pairs of ACs, we constructed an experimental water adsorption
isotherm database (EWAID) including hundreds of existing
experimental water adsorption isotherms,31 which enables the
large-scale evaluation of the adsorption cooling performance of
adsorbent/water working pairs for cACs by mathematical
modelling.

Therefore, in this work, the cooling performance of more
than 90 000 cACs using adsorbent/water working pairs from the
updated EWAID was evaluated by mathematical modelling. The
relationships between adsorbent structural properties, adsorp-
tion characteristics and cooling performance of working pairs
were also explored. Moreover, machine learning (ML) was
successfully implemented for quick and precise prediction of
the cooling performance of adsorbent/water working pairs.

2. Methods
2.1. Experimental water adsorption isotherm database 2.0

The experimental water adsorption isotherm database (EWAID
1.0) used in our previous work31 including only 231 adsorbents
has been updated to EWAID 2.0 containing 311 adsorbents, in
which ve MOFs from NIST/ARPA-E database of novel and
emerging adsorbent materials32 and other adsorbents from the
J. Mater. Chem. A
latest scientic literature were added. In this work, ve types of
adsorbents including carbon (Carb), covalent organic frame-
works (COFs, C), MOFs (M), porous organic polymers (POPs, P)
and zeolites (Z) shown in Table S1† were studied. The experi-
mental water adsorption isotherms of 311 adsorbents were
tted by using the universal adsorption isotherm model
(UAIM),33 and the tting parameters are provided in Table S3.†
In addition, the available structural properties of adsorbents in
the database including the accessible surface area (Sa), available
pore volume (Va) and pore diameter (Dp) were also collected
from the literature. It should be noted that the pore diameter
(Dp) represents the average pore diameter, LCD and dominant
pore diameter derived from the pore size distribution reported
in the literature, which has been denoted in Tables S2 and S4.†
The source literature and detailed structural characteristics can
be found in Tables S2 and S4.†
2.2. Cooling performance calculations

Based on the water adsorption isotherms, the adsorption
properties including water working capacity (DW), heat of
adsorption (DadsH), isotherm step position (a) and Henry's
constant (KH) can be obtained. DW is one of the important
factors determining the cooling capacity, which equals the
difference of water uptake between adsorption and desorp-
tion.17 DadsH was calculated according to the Clausius–Cla-
peyron equation.17 In this work, a reecting the shape of
adsorption curves and KH describing the affinity between
adsorbents and water at ultralow pressure were calculated at
298 K. The denition of a is the relative pressure range corre-
sponding to the largest uptake increment at a given pressure
interval (D(P/P0) ¼ 0.1).31 KH is the slope of the adsorption
isotherm at ultralow water pressure (P < 31.69 Pa at 298 K, i.e. P/
P0 ¼ 0–0.01).34 The calculated adsorption properties of adsor-
bents were given in Table S5.†

Two-stage cACs consist of the low-temperature stage (LS) and
high-temperature stage (HS). For the ideal isosteric diagram of
cACs as shown in Fig. 1, it is assumed that one-kilogram of
adsorbents in the HS were desorbed completely, and then all of
the heat releasing from the HS was used for the complete
This journal is © The Royal Society of Chemistry 2022
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regeneration of m-kilogram of adsorbents in the LS (i.e.
m ¼ Q0

reg;HS=Q
0
reg;LS, where Q0

reg represents the regeneration
energy required for one-kilogram of adsorbents). Therefore, the
cooling performance including specic cooling effects and
coefficient of performance for cooling in the total system (SCETS

and COPC,TS) can be calculated by using eqn (1) and (2):

SCETS ¼ Qev;TS

1þm
¼ SCEHS þmSCELS

1þm
(1)

COPC;TS ¼ Qev;TS

Qreg;HS

¼ COPC;HS þ COPC;LS (2)

where Qev,TS represents the transferred heat in the evaporator
(cooling capacity) by water working capacity, and Qreg,HS equals
the input energy from the external heat source. The SCE and
COP of the single-stage ACs can be calculated based on the basic
thermodynamic cycle model, and more computational details
are described in S2 of the ESI.†

The adopted operational conditions in cACs14,15 are listed in
Table 1. The evaporation temperature (Tev) is the target cooling
temperature depending on users' requirements. The conden-
sation temperature (Tcon) relies on the temperature of the
ambient environment. In the LS and HS, the adsorption and
desorption temperature (Tads and Tdes) represent the tempera-
ture of the adsorption bed at the end of adsorption and
desorption processes, respectively. Tads,LS commonly equals
Tcon depending at ambient temperature, and Tdes,HS relies on
the heat sources. TL2 and TH2 stand for the initial temperature
of the adsorption bed during adsorption processes in the LS and
HS, which can be calculated using Trouton's rule.35 The evap-
oration pressure (Pev) and condensation pressure (Pcon) are
equal to the saturation pressure of water at Tev and Tcon,
respectively.

2.3. Machine learning

Machine learning (ML) is a more efficient and promising
alternative to HTCS based on molecular simulations, which has
been employed in the eld of gas storage and separation.36,37 In
this work, four ML algorithms including multiple linear
regression (MLR), decision tree (DT), gradient boosting
machine (GBM) and random forest (RF) were performed to
quickly and accurately evaluate the adsorption cooling perfor-
mance of adsorbent/water working pairs for cACs. Based on four
descriptors including the structural characteristics collected
Table 1 The operational conditions of each stage in cascaded
adsorption heat pumps

Stage Step Temperature (K) Pressure (Pa)

Evaporator — Tev ¼ 283 Pev ¼ 1221
Condenser — Tcon ¼ 300 Pcon ¼ 3555
Low-temperature stage (LS) L1 Tads,LS ¼ 300 —

L2 TL2 ¼ 318 —
L3 Tdes,LS ¼ 330 —

High-temperature stage (HS) H1 Tads,HS ¼ 330 —
H2 TH2 ¼ 352 —
H3 Tdes,HS ¼ 400 —

This journal is © The Royal Society of Chemistry 2022
from the literature (i.e. Sa, Va and Dp) and Henry's constant (KH)
of adsorbents towards water, the performance of 9025 cACs,
which is because the structural information of only 95 adsor-
bents was experimentally measured and reported, were evalu-
ated by using different ML models, where 80% of samples were
randomly chosen as the training dataset and the rest 20%
served as the test dataset. The accuracy of each model was
assessed using the mean square error (MSE), mean absolute
error (MAE) and correlation coefficient (R2 score). Besides, the
relative importance of each descriptor for the HS and LS based
on the ML models was also investigated.

3. Results and discussion
3.1. Cooling performance of adsorbent/water working pairs
in cACs

The adsorption cooling performance including COPC,TS and
SCETS of 96 721 cACs based on adsorbent/water working pairs
was calculated under given working conditions, and the
detailed results are provided in Table S6.† Generally, nine cACs
exhibited record-breaking COPC,TS above 1.63,14 among which
the best was the Ni-DOBDC/water working pair in HS + Zr-MOF-
808/water working pair in the LS with a COPC,TS of 1.68. The
cooling performance of cACs can be classied as 25 categories
(adsorbents in HS + adsorbents in LS) shown in Fig. 2. It was
found that cACs based on eight classes of adsorbent combina-
tions (i.e. MOFs in the HS + carbon, COFs, MOFs, and POPs in
the LS; zeolites in the HS + carbon, COFs, MOFs and POPs in the
LS) exhibited a higher COPC,TS (i.e. COPC,TS > 1.5). Besides, it
was indicated that MOFs and zeolites are better candidates for
the HS, while carbon, COFs, MOFs and POPs are more suitable
for the LS. According to Fig. 2 and S2a,† the HS based on zeolite/
water showed the highest average COPC,HS, leading to an
average COPC,TS of around 1. A number of MOFs with high
SCEHS exhibited ultrahigh SCETS (more than 600 kJ kg�1).
Moreover, COFs exhibited the highest average COPC,LS, followed
by MOFs, carbon and POPs (Fig. S2b†), which are potential
adsorbent candidates for the LS.

Focusing on high-performance cACs, the number of cACs
with high COPC,TS > 1.5 based on varying adsorbents in the HS
and LS was summarized (Table 2). It was shown that cACs with
COPC,TS > 1.5 consist of only MOF/water and zeolite/water
working pairs in the HS, but mostly COF/water and MOF/
water in the LS. Therefore, MOFs and zeolites are more poten-
tial candidates for the HS, while MOFs and COFs are promising
for the LS. It was also noted that there is a larger number of
high-performance MOF/water than other adsorbent/water
working pairs in both the HS and LS, which may have resul-
ted from the original large number of MOF samples (around
57% of the total adsorbents) in the database. For cACs with
COPC,TS > 1.5, the number of MOF/water working pairs in the
HS was 0.53% for all cACs consisting of MOF/water in the HS,
but 2.13% of the cACs contained zeolite/water in the HS,
implicating the higher possibility of zeolite/water as potential
working pairs in the HS than MOF/water. 0.73% of cACs with
COPC,TS > 1.5 were based on COF/water in the LS, while only
0.53% of cACs with COPC,TS > 1.5 were based on MOF/water in
J. Mater. Chem. A
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Fig. 2 The cooling performance of 96 721 two-stage cACs based on different adsorbent combinations. COPC,TS and SCETS are the coefficient of
performance for cooling and specific cooling effects of the two-stage (TS) of cACs. The former adsorbent before “+” represents the adsorbent in
the high-temperature stage (HS) and the latter is that in the low-temperature stage (LS), amongwhich the five types of adsorbents were included,
i.e., carbon (Carb), COFs (C), MOFs (M), POPs (P) and zeolites (Z).

Table 2 The number of cACs with high-performance adsorbents

COPC,TS range cACs no.

Adsorbents no. in
HS Adsorbents no. in LS

Carb C M P Z Carb C M P Z

COPC,TS > 1.5 493 0 0 419 0 73 35 130 291 37 0
COPC,TS > 1.55 205 0 0 182 0 23 6 54 131 14 0
COPC,TS > 1.6 53 0 0 47 0 6 0 13 39 1 0
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the LS. Furthermore, it is known that the adsorption cooling
performance is mostly dependent on the adsorption properties
including water working capacity, the shape of adsorption
isotherms and the interaction between adsorbents and the
adsorbate.17,34,38 Therefore, the relationships between adsorp-
tion properties and cooling performance of cACs were further
explored.
Fig. 3 The relationship between COPC,TS and the summation of water
working capacity of the HS (DWHS) and LS (DWLS). The data points were
colored by (a) SCETS and (b) the summation of average heat of
adsorption of the HS (DadsHave,HS) and LS (DadsHave,LS).
3.2. The relationships between adsorption properties,
structural characteristics and cooling performance

Our previous study using the decision tree (DT) model has
demonstrated the critical roles of DWLS and DWHS in deter-
mining the COPC of cACs based on MOF/ethanol and COF/
ethanol working pairs.15 Similarly, the relationship between
COPC,TS and the sum of water working capacity of the HS and LS
(DWHS + DWLS) was explored (Fig. 3). It was revealed that
COPC,TS increased rapidly with DWHS + DWLS until a plateau,
aer which the enhancement in COPC,TS became less signi-
cant. It should be noted that no remarkable enhancement of
COPC,TS was observed when DWHS + DWLS > 0.2 kg kg�1. Similar
trends were observed in cACs based on ethanol working uid, in
which no remarkable enhancement in COPC,TS was observed
when DWHS + DWLS > 0.4 kg kg�1.15 Such a difference can be
attributed to the discrepancy in the evaporation enthalpy
(DvapH) of water and ethanol, i.e., the DvapH of water is about
twice that of ethanol, suggesting that in order to achieve the
same cooling capacity, the amount of water working uid
J. Mater. Chem. A
required is roughly one half that of ethanol.31 Besides, COPC,TS
correlated positively with SCETS, and thus the high-performance
cACs with both high COPC,TS (>1.6) and ultra-high SCETS (>1000
kJ kg�1) shown in Fig. 3a were identied, all of which are based
on MOF/water working pairs such as the cACs based on Co-
MOF-74/water39 and Ni-DOBDC/water40 in the HS and Co2Cl2(-
BTDD)/water41 or Ni2Cl2(BTDD)/water41 in the LS. The high
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 COPC and step position (a) of 311 adsorbent/water working
pairs in (a) high-temperature stage (HS) and (b) low-temperature stage
(LS).
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water working capacity of these working pairs in the HS (Fig. S3c
and d†) contributed the most to their cooling performance.
Except for the working capacity, the average heat of adsorption
(DadsHave) is another important factor affecting the COPC. As
shown in Fig. 3b, the cACs with a medium DadsHave,HS + Dads-
Have,LS (95–105 mol kg�1) displayed more excellent COPC at the
same DWHS + DWLS. Besides, the ratio of DadsHave,HS and Dads-
Have,LS is about 0.9–1.2 for cACs with high COPC,TS, indicating
that similar DadsHave of the HS and LS in the range of 45–
52.5 kJ mol�1 is favorable for cooling performance (Fig. S4†).

Henry's constant (KH) describing the interaction between the
adsorbent and adsorbate at ultralow pressure also implicates
the hydrophilicity and hydrophobicity of adsorbents.34 The
results shown in Fig. 4 indicate the impact of KH of adsorbents
in the HS and LS on COPC,TS of cACs. The ratio of KH,HS and
KH,LS (KH,HS/KH,LS) in the range of 100–109 was observed in high-
performance cACs (COPC,TS > 1.5) with KH,HS ¼ 10�3–100 mol
(kg�1 Pa�1), suggesting that the more hydrophilic adsorbents in
the HS are favorable for COPC,TS of cACs. The positive rela-
tionship between COPC and KH and the optimal range of KH for
high-performance cACs (i.e., 10�3 < KH,HS < 100 for COPC,HS >
0.7, and 10�7 < KH,LS < 10�1 for COPC,LS > 0.8) are shown in
Fig. S5.† Besides, the negative correlation between KH and the
step position (a) was observed,34 in which the outstanding
adsorbents in the HS with high KH usually exhibited a smaller a,
while potential adsorbents in the LS exhibited a larger a.
Subsequently, the optimum step position or the adsorption
isotherm shape of adsorbents for the HS and LS was explored,
respectively.

The number of adsorbents with different step positions (a) at
298 K is summarized in Table S7.† Fig. 5 displays COPC and step
position (a) of 311 adsorbent/water working pairs, respectively.
In the HS, adsorbents with 0 < a < 0.1 showed the highest
average COPC,HS, which commonly corresponds to I-type
adsorption isotherms, indicating the hydrophilicity of
stronger interaction between adsorbents and water. In the LS,
adsorbents with 0.2 < a < 0.4 showed a higher COPC,LS,
Fig. 4 The relationship between COPC,TS and the ratio of Henry's
constant of the high-temperature stage (HS) and low-temperature
stage (LS) (KH,HS/KH,LS).

This journal is © The Royal Society of Chemistry 2022
corresponding to the V-type (or “S” shaped) isotherm and the
hydrophobicity of adsorbents or weaker adsorbent/water inter-
action. Such tendencies are in line with the correlation between
the COPC,TS and KH,HS/KH,LS ratio. In addition, the high-
performance adsorbents in the HS were identied as MOFs
and zeolites with 0 < a < 0.2 (Fig. S6†), and the average COPC,HS

of zeolites is generally higher than that of MOFs due to the fact
that most of the zeolites (�80%) exhibit 0 < a < 0.1. However, the
high-performance adsorbents in the LS (i.e., COPC,LS > 0.7) were
MOFs and COFs with 0.2 < a < 0.4.

The correlation between structural characteristics and cool-
ing performance shown in Fig. S7† demonstrates that the high-
performance adsorbents of the HS exhibit an accessible surface
area (Sa) of 500–1500 m2 g�1, available pore volume (Va) of
approximately 0.5 cm3/and pore size (Dp) of 12 Å, respectively. In
comparison, the top performers for the LS exhibit a wide-range
of structural characteristics. It may be ascribed to the larger
number of high-performance adsorbents for the LS, which is
resulted from more adsorbents in the database exhibiting low
Henry's constant (Fig. S5†) or high step position (a) (Fig. S6†)
that is favorable for COPC,LS. It should be noted that with
increasing adsorbent number and structural diversity of the
database, a strong correlation between structural characteristics
of adsorbents and cooling performance may be observed, which
can provide more helpful insights into the designing of poten-
tial adsorbents for cACs using water as the working uid.

According to the selected top 10 adsorbents with the highest
COPC,HS and COPC,LS shown in Tables S8 and S9,† respectively,
it was found that the top performers of the HS generally
exhibited higher KH and lower a than those of the LS, leading to
lower DW and COPC,HS than COPC,LS, which is consistent with
previous observations. Since most of the top performers are
J. Mater. Chem. A

https://doi.org/10.1039/d1ta11023c


Fig. 6 (a) COPC,TS predicted by using the random forest (RF) model. (b)
The relative importance of different descriptors (i.e. accessible surface
area (Sa), available pore volume (Va), pore diameter (Dp) and Henry's
constant (KH) of the working pair in the HS and LS) from the RF model
for COPC,TS prediction.
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MOFs in both the HS and LS, water stability is still a concern.
Among the 8 MOFs of top 10 performers of the HS, only two
MOFs, i.e. Ni-DOBDC40 and CPO-27-Ni42 exhibit decent water
stability, which may have resulted from the hydrophilic nature
of selected candidates. However, nearly all MOFs in top 10
performers of the LS are water stable, which may be ascribed to
the hydrophobic nature of selected adsorbents that is favorable
for COPC,LS. It is also noticed that some well-known MOFs were
identied from screening. For example, MIL-100(Fe)43 and
Co2Cl2(BTDD)41 perform well in both the HS and LS with high
water stability. Al-based MOFs with excellent water cycling
stability and potentials in thermal conversion application44–46

were also noticed. MIL-160(Al)47 was identied as a potential
candidate for the HS with a COPC,HS of 0.62, whereas CAU-
23(Al)45 was recognized as a potential candidate for the LS with
a COPC,LS of 0.86. The development of green syntheses and
large-scale production of MOFs may enable their industrial
application in future.48–51

3.3. Machine learning

Machine learning (ML) models can be an effective alternative to
time-consuming HTCS. In this study, four MLmodels including
MLR, GBM, DT and RF were carried out for predicting the
COPC,TS of cACs, in which three structural characteristics (i.e.
Sa, Va and Dp) and KH of adsorbents in the HS and LS were
adopted as descriptors, respectively. The prediction results of
ML models with 80% samples used for training and the rest
20% for testing are shown in Table 3. Among the four models,
the RF model performed the best with the lowest MSE, mean
absolute error (MAE) and highest correlation coefficient (R2

score).
According to Fig. 6a and S8,† RF gave rise to the highest

prediction accuracy (R2 ¼ 0.93), followed by GBM (R2 ¼ 0.92), DT
(R2 ¼ 0.91) and MLR (R2 ¼ 0.16). Distinctly, the nonlinear ML
models perform better than linear MLR, which may be ascribed
to the complicated correlation between descriptors and COPC
that cannot be accurately described by linear models. Besides,
the polarity of water molecules and their hydrogen bond network
formed may contribute to the complexity of correlation between
structural/chemical properties, water uptake and COPC. The
relative importance of descriptors of adsorbents in the HS and LS
was also obtained by RF (Fig. 6b). The results demonstrated that
KH contributed the most, i.e., 47% relative importance of the HS
and 22% of the LS for COPC,TS prediction, indicating the key role
Table 3 COPC,TS prediction accuracy by using different machine
learning (ML) models

ML models MSEa MAEa R2 scorea

MLR 0.096 0.247 0.16
DT 0.010 0.067 0.91
GBM 0.010 0.063 0.92
RF 0.009 0.063 0.93

a Mean square error (MSE), mean absolute error (MAE) and correlation
coefficient (R2 score) are the evaluation indexes based on the total
dataset.

J. Mater. Chem. A
of hydrophilicity of adsorbents or the shape of adsorption
isotherm in determining the cooling performance in cACs.
Specically, the stronger adsorbent/water interaction leading to I-
type isotherms is favorable for the HS, and the weaker interaction
corresponding to V-type isotherms is benecial to the LS. In
addition, the relative importance of structural characteristics in
the LS is higher than that in the HS, whichmay be ascribed to the
relatively higher working capacity of most adsorbents in the LS
than those of the HS that imposes remarkable impacts on COPC
(Fig. S7†). Such a phenomenon may also correlate with the larger
number of adsorbents with favorable KH for the LS. Moreover, the
impacts of the training dataset size on the prediction accuracy
(R2) by RF and other models were displayed (Fig. S9†). As for the
RF model, a prediction accuracy of R2 > 0.9 could be achieved by
using more than 60% samples as the training dataset, and
a higher prediction accuracy of R2 > 0.8 could be reached with
30% samples as the training dataset. Besides, RF models is able
to accurately predict the COPC,TS of cACs within several seconds,
which could be a fast and effective tool to identify top performers
for cACs from a large number of adsorbent/water working pairs.
4. Conclusions

In this work, we evaluated the cooling performance of more
than 90 000 cACs based on adsorbent/water working pairs using
the experimental water adsorption isotherm database (EWAID)
This journal is © The Royal Society of Chemistry 2022
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by mathematical modelling and machine learning. We found
nine cACs with record-breaking COPC (>1.63), and MOFs and
zeolites are better candidates for the HS, while MOFs and COFs
are more promising candidates for the LS. The high-
performance cACs with COPC,TS > 1.5 exhibited DWHS + DWLS

> 0.2 kg kg�1, DadsHave,HS + DadsHave,LS ¼ 95–105 kJ mol�1, and
KH,HS/KH,LS ¼ 100–109 with KH,HS ¼ 10�3–100 mol (kg�1 Pa�1),
0 < a < 0.1 for the HS and 0.2 < a < 0.4 for the LS, respectively.
The results indicated that high-performance adsorbents should
exhibit a high working capacity in both the HS and LS, I-type
water adsorption isotherms with strong adsorbent/water inter-
action for the HS, while V-type adsorption isotherms with the
weak adsorbent/water interaction for the LS. Moreover, four
machine learning models were used for quickly predicting the
cooling performance of a large number of cACs. The random
forest (RF) model outperformed other models with R2 ¼ 0.93, in
which the hydrophilicity (i.e. KH) of adsorbents in the HS and LS
plays the key role in determining the cooling performance of
cACs based on water working uid. The evaluation approaches
based on the EWAID in this work can accelerate the discovery of
the high-performance working pairs for cACs, which may be
extended to other energy storage and conversion systems in the
future.
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