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Rising demand for living environment and the increasing building energy consumption are creating intense pressure on the
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develoment of sustainable climate control systems. Cascaded adsorption heat pumps (AHPs) consisting of low-temperature

stage (LS) and high-temperature stage (HS) driven by industrial waste heat or renewable energy provide promising solutions.

However, their applications are restricted by the low coefficient of performance (COP) mainly due to the unsatisfcatory

adsorption perfromance of adsorbents. Here we demonstrated a multiscale computational approach to assess the cooling

performance of over three million cascaded AHPs based on novel nanporous metal-organic frameworks (MOFs) and

covalent-organic frameworks (COFs). This study demonstrated that MOFs and COFs are favorable for HS and LS of cascaded

AHPs, respectively, due to their unique adsorption characteristics. Structure-property analysis revealed that large-pore

adsorbents (mostly COFs) exhibiting stepwise adsorption isotherms are more suitable for the COP. of LS, and small-pore

adsorbents (mostly MOFs) exhibiting type | isotherms are beneficial for the COP. of HS, thus leading to the best performers

consisting of COFs in LS and MOFs in HS. Such findings were also validated by experiments. Furthermore, decision tree (DT)

analysis hilighted the dominant role of the overall working capacity in determining the cooling performance. We finally

demonstrated the succesful implementation of machine learning in speeding up the assessment of a vast number of

cascaded AHPs by predicting the COP. of any adsorbent pairs.

1. Introduction

The rising demand for suitable living environment including
heating, cooling and refrigeration has been globally growing,?
which consumes more than 40% of electricity in the U.S.
residential and commercial sectors in 2018.2 Heat pumps that
transfer heat energy in the opposite direction of spontaneous
processes are the essential device for these applications. In
order to reduce the energy consumption of conventional
compression heat pumps powered by electricity, thermally
driven adsorption heat pumps (AHPs) that can be driven by
waste heat or solar energy are promising alternatives.3
However, the low thermal efficiency of AHPs because of the low
adsorption capacity of adsorbents and poor thermodynamic
performance of working pairs* > greatly limit their application.
The basic thermodynamical cycle of AHP systems including
adsorption, evaporation, desorption and condensation is
frequently employed, whose coefficient of performance for
cooling (COP() describing the efficiency of adsorption cooling
systems is usually low ( i.e. 0< COP¢ < 1). In contrast, cascaded
adsorption heat pumps contain high-temperature stages (HS)
and low-temperature stages (LS) by integrating two or more
basic thermodynamical cycles in series,® which allows for the
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reuse of heat energy in low-temperature stage (LS) from the
high-temperature stage (HS), thus leading to the remarkably
enhanced cooling efficiency (i.e. 0 <COP-<2).7

Various working pairs including silica gel-water® and zeolite-
water® 10 have been investigated for cascaded AHPs. It was
revealed that a cascaded AHP based on zeolite and silica gel
exhibited a COP of 1.35, which is more than two times of that
from the basic cycle of AHPs (in most cases, COP. = 0.5).2
However, due to the strong interaction between zeolite and
working fluids, a high driving temperature is usually required
(e.g. 503 K for zeolite®). Besides, the low uptake of working
fluids is another limiting factor of COPc. In general, the suitable
working pairs of cascaded AHPs should have the following
characteristics: (1) the adsorbents of both HS and LS should
exhibit the high adsorption capacity of working fluids, i.e. the
high overall capacity;(2) the working pairs of HS should exhibit
the larger temperature lift than those of LS, suggesting the high
desorption temperature of HS than that of LS. Recently, metal-
organic frameworks (MOFs)!! with ultrahigh surface area and
pore volume!? have been recognized as promising adsorbents
for AHPs, which could enable record performance.*3 A
recently reported cascaded AHP system based on two different
MOFs gives rise to a record COP. of 1.63 at low driving
temperature of 400 K, implicating the great potential of MOFs
for cascaded AHPs.>

Given the enormous number of existing MOFs (~10%), it is
impractical to experimentally synthesize all structures and
assess the cooling performance of each structure. Besides, the
combination of working pairs of HS and LS in cascaded systems
could add up to numerous possibilities, from which it is
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extremely challenging to identify the optimal working pairs for
cascaded systems. In previous studies, the adsorption and
cooling performance of thousands of MOFs/ethanol and
covalent organic frameworks(COFs'4)/ethanol working pairs
operated in basic cycle were evaluated by high-throughput
computational screening(HTCS) based on integrated grand
canonical Monte  Carlo (GCMC) simulations and
thermodynamical model.'>16 In comparison with MOFs, COFs
preferentially display stepwise adsorption isotherms due to the
low affinity towards ethanol. Whereas, a vast number of MOFs
exhibited type | adsorption isotherms. Such distinct adsorption
behaviours endow MOFs with high temperature lift and COFs
with low temperature lift, implicating that combining MOFs for
HS with COFs for LS will benefit cascaded AHPs.

In order to increase the diversity of adsorbents (or adsorption
isotherms) and improve the chance of discovering the most
suitable adsorbent pairs for cascaded systems, both
computation-ready experimental (CoRE) MOF and COF
databases were taken into account in this work. More than
three millions of cascaded AHPs based on the combined MOF
and COF adsorbents were evaluated by high-throughput
computational screening. Due to the low freezing point, low
toxicity, and high heat and mass transfer® 17: 18,19 ethanol was
adopted as working fluid in this study. Machine learning was
successfully implemented to predict the cooling performance of
all working pairs in cascaded AHPs.

2. Computational and experimental methods
2.1. High-throughput computational screening (HTCS)

2.1.1. Structure properties calculations. The computation-
ready experimental (CoRE) MOF2° database comprising 2932
structures and the CoRE COF 2.02! database comprising 280
structures in this work. Prior to GCMC simulations, 1264
structures with accessible surface area (ASA) = 0 and two non-
MOF structures in the CoRE MOF database were excluded.
Meanwhile, one COF exhibiting disordered structure was also
removed from CoRE COF database. Therefore, 1666 MOFs and
279 COFs were eventually adopted for HTCS. The largest cavity
diameter (LCD), available pore volume (V,) and accessible
surface area (ASA) were computed using a nitrogen probe with
a radius of 1.86 A in Zeo++0.322. The helium void fraction and
Henry's constant (Ky) of each structure were calculated by the
Widom insertion method?3 in RASPA 1.9.5%4,

2.1.2. COP¢ calculation. The COP¢ values of LS and HS of all
the AHPs under the given working conditions were calculated
according to Eq. 1 using the adsorption properties obtained
from GCMC simulations.'® The COP¢ of cascaded AHPs is the
sum of COP¢ of LS and HS.

W o u "
COPe= A (T )P W [([" 4O VAT + [ W e ()T
(1)
1YY s+ Woin s 1w
+J.” 2 ) (TYdT Y A HW)AW)
A1 is the evaporation enthalpy of ethanol at evaporation

temperature 7,,, p)/is the density of liquid ethanol adsorbates,

q
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Meoen 1S the mass of the MOF adsorbents, AW is;the,working
capacity between the jp7,.. (1to I, Fig. 1) at tR@ladddrstiErstapeand
the ., (Il to IV, Fig. 1) at the desorption stage. ) and .}/ are
the heat capacity of the adsorbents and working fluids, respectively.
M, is the molar mass of the working fluids. A4 is the enthalpy of
adsorption.

2.1.3. GCMC simulation. A two-stage thermodynamical
cycle (Fig. 1) of cascaded AHP under the predefined working
condition (Table 1) was used for GCMC simulation. According to
the isosteric diagram of cascaded AHPs in Fig. 1, there are two
stages including low-temperature stage (LS) and high-
temperature stage (HS) in the cycle. The detailed working
conditions provided in Table 1 were taken from previous study®.
The evaporation temperature (Te,) represent the temperature
of evaporator and the target cooling temperature that AHPs can
achieve. The condensation temperature (T.n) represent the
temperature of the condenser, which is usually identical to
ambient temperature and adsorption temperature(T,qs). The
adsorption (T,gs) and desorption temperature (T4es) indicate the
adsorption bed temperature in the beginning of adsorption and
desorption, respectively. The evaporation pressure (P.,) and
condensation pressure (P,,) represent the saturation pressure
of working fluid at Te, and T, respectively. The difference
between condensation and evaporation temperatures is
temperature lift. The minimal desorption or maximal
preheating temperature (T,) in each stage was obtained from
Trouton's rule®.

2.1.4.

LS HS
318K 330K 353K 400K

a1

8.7 kPa

ev
3 kPa

Taas Taas

Fig. 1. Isosteric diagram of cascaded adsorption heat pumps consisting of
low-temperature stage (LS, | to IV) and high-temperature stage (HS, I' to IV').
The evaporation temperature (T., = 283 K), condensation temperature (T, =
300 K), evaporation pressure (P.,= 3 kPa) and condensation pressure (P.n,=
8.7 kPa) were used. The adsorption temperature (T,4) desorption
temperature (Tgs) of LS and HS were specified in Table 1.

Table 1. The working conditions of each stage in cascaded AHPs.

Stage Step Temperature (K) Pressure (kPa)
| Tags= 300 Pey=3
LS 1] T,=318 Peon=8.7
1] Tees= 330 Peon=8.7
HS I' Tags = 332 Pev=3

This journal is © The Royal Society of Chemistry 20xx
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GCMC simulations were implemented for MOFs and COFs to obtain
their ethanol adsorption isotherms and enthalpy of adsorption at
defined working conditions. LJ parameters of all the MOFs and COFs
were taken from the UFF force field?6. TraPPE force field?” was used
for ethanol in Table S1, the reliability of UFF and TraPPE force field in
describing the adsorption properties has been demonstrated in
previous studies?® 2. Four types of Monte Carlo moves including
insertion, deletion, rotation and translation were implemented with
equal probability. In the initial round, a total of 4 x 10* cycles were
performed for MOFs and COFs to estimate the ethanol uptakes and
heat of desorption, including 2x10* cycles of equilibration runs and
2x10* cycles of production runs. Under LS conditions, there are 119
MOFs and 1 COF exhibiting the working capacity (AW) below zero,
which is due to the remarkable fluctuation in the uptakes of
structures at adsorption and desorption process, and insufficient
equilibration. Besides, 121 MOFs and 7 COFs with unreasonable heat
of desorption (A,qsH = inf) due to the extremely low uptakes were
also excluded from the following rounds. Similarly, under HS
condition, 3 MOFs exhibiting AW < 0, and 70 MOFs and 6 COFs with
unreasonable heat of desorption (A,H = inf) were excluded.
Therefore, eventually approximately three million (i.e. 3,166,602)
two-stage AHPs by combining the adsorbents of LS and HS were
evaluated for the subsequent screening. After obtaining the COP¢
from the initial round, the adsorbent pairs with COP¢ above 1.6 were
selected for the second round, in which 4x10°> Monte Carlo cycles

Va (em/g)
1.0 10'
(a) e MOFs
0.8 . # COFs
10"
107

1.0 10
(c)
08 *+
_ 10°
06
k]
2 04 »
o5 10
+f
0.2 & T
: >
Dt . T =
00575 10 15 20 25 30 35 40 45 10

LCD (A)

ARTICLE

were performed. In the final round, any adsorbent pair, with. 6QPe
above 1.6 were chosen for GCMC simulation,Rfhere adHEtaw 134108
cycles were implemented until achieving complete equilibration.
Similar approach has been reported in previous work?® 39, which can
be completed within reasonable computational cost. It should be
noted that such a strategy may exclude some potential candidates
from the initial round of screening. However, this approach was still
adopted in this work to reach a compromise between the
computational cost and the number of selected high-performing
candidates from screening. The high possibility of including a large
amount of potential candidates in the final round has been validated
in the evolutionary trends of Fig.57-9, from which all remained
structures in the final round do exhibit the favorable structure
properties as well as high COP.. Eventually, 3,404 cascaded AHPs
with COP¢ >1.6 composed of 10 MOFs and 36 COFs in the LS, and 66
MOFs and 8 COFs in HS were identified from the final round as shown
in Table S2, S3, S4 and S5.

2.2. Experimental validation

In order to verify the trend observed in HTCS, two widely investigated
MOFs(Cu-BTC3%, MIL-101(Cr)32) and COFs (COF-133 and COF-53%),were
synthesized. Their ethanol adsorption isotherms were measured at
288 K and 298 K (the detailed information can be found in Sl), from
which the COP¢ of 16 cascaded AHPs can be calculated according to
the thermodynamical cycle of cascaded AHPs as reported in previous
work.1® The only modification is that the heat capacity of working
fluids was taken into account in this work.

— < A,gsH> (kJ/mol)
80
(b)
* 60
&
* 40
d}ra%
Sa &
ﬂ:@ﬁ%ﬁ 20
& & TR

" 0
— < AsgsH> (kd/mol)
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60

40

20

0

LCD (A)

Fig. 2 (a) Predicted AW values of 1426 MOFs and 271 COFs in LS as a function of LCD, (a) colored by V, and (b) colored by —<A,4s H>. 1593 MOFs and 273
COFs in HS as a function of LCD, (c) colored by V, and (d) colored by—<A,4 H>. AW was obtained from the difference in the ethanol uptake between the
uptakes at T, =318 K and Tges = 330 K (LS), and T,'= 332 K and Tg.,' = 400 K (HS) at condensation pressure (pen = 8.7 kPa).

2.3. Data Mining and Machine Learning

3,166,602 cascaded AHPs were used for decision tree (DT), the
maximum depth layer for decision tree is three, in which AW, —

This journal is © The Royal Society of Chemistry 20xx

<A,q4sH>, LCD, ASA and V, were taken into consideration. In order to
quickly estimate the cooling performance of adsorbent pairs in
cascaded AHP systems, different machine learning algorithms

J. Name., 2013, 00, 1-3 | 3
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including multiple linear regression (MLR), decision tree (DT),
gradient boosting machine (GBM) and random forest (RF) were
tested. 20% of samples were randomly chosen for training, and the
rest 80% were used as test set. Six descriptors including LCD, ASA,
void fraction (VF), V,, Ky and MOF density (p) were used for varying
machine learning algorithms. The accuracy of each model was
evaluated by R2.

3 Results and discussion
3.1. COPc of LS and HS of cascaded AHPs

As mentioned before, the overall capacity is critical for the cooling
performance of AHPs. The adsorption performance of MOFs and
COFs in LS and HS under given working conditions obtained from the
first-round screening were analysed (Fig. 2). The correlation between
structure properties (LCD, V,) and adsorption performances (AW,
<l,4sH>) of LS and HS were presented. It was found that at LS, most
of COFs exhibited the higher AW than MOFs (Fig. 2a and 2b), which
is reversed at HS (Fig.2c and 2d). Such phenomena suggested that
the use of COFs at LS and MOFs at HS may be an optimal combination
for cascaded AHPs. Furthermore, at LS, both MOFs and COFs with

Counts

1.0

high working capacity (AW > 0.2 g/g) exhibited the pare,size 0610,
15 A and the high pore volume (V, ~ 2 cm3/gP! NeVERHEIRE4052HS;
the structures with AW > 0.2 g/g displayed the pore size of 5—12.5
A with smaller pore volume (V, ~ 1 cm3/g). However, the average
enthalpy of adsorption (—<A,4sH>) of those structures are located at
approximately 40 kJ/mol. The pore size of most CoRE MOFs are lower
than 15 A, whereas COFs exhibited the wider pore size range,
indicating the different preference of structure properties of
adsorbents at LS and HS that will be discussed later.

The COPc of LS and HS (Fig. 3) suggested that both MOFs and COFs
exhibited the higher COP¢ at LS than HS, which is mostly due to the
high working capacity at LS and high sensible heat required at HS. At
LS, MOFs and COFs with COP¢ > 0.8 displayed the pore sizes of 7.5 —
17.5 A and 7.5 — 37.5 A, respectively. At HS, MOFs and COFs with
COP¢ > 0.8 have relatively small pore sizes of 7.5 -12.5 A and 7.5-10
R, respectively, consistent with the tendency in working capacity of
Fig. 2. These results illustrated the importance of choosing suitable
adsorbent pairs for LS and HS to optimize the COP. of cascaded AHP
systems.
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Fig. 3. The number distributions of (a,c) MOFs and (b,d) COFs with varying COP. and LCD in (a,b) LS and(c,d) HS.

3.2. The overall COP of cascaded AHPs

The overall COP¢ of cascaded AHP systems is the sum of COP¢ of LS
and HS. Among the 3,166,602 cascaded AHPs, there are 1688 AHPs
based on identical adsorbents for LS and HS, and approximately three
million AHPs composed of different adsorbents for LS and HS. The
AHPs can be generally classified into two possible combinations: 1)
identical adsorbents for LS and HS (A,gtA.q), and 2)different
adsorbents for LS and HS (A,q+Bag). To find out the more promising
combination, the overall COP. of the two combinations were
analysed in Fig. 4a, from which it can be found that the overall COP¢
of cascaded AHPs based on identical adsorbents for LS and HS is
lower than 1.6. In contrast, the cascaded AHP systems consisting of
two different adsorbents for LS and HS can achieve COP¢ > 1.6, which
can be probably ascribed to the high diversity of such a combination

4| J. Name., 2012, 00, 1-3

resulting from the large number of AHPs of this combination. More
specifically, from the perspective of material type, the cascaded
AHPs can be divided into four types: 1) MOFs for LS and HS (MOFs +
MOFys), 2) MOFs for LS and COFs for HS (MOFs + COFys),3) COFs for
LS and MOFs for HS (labelled as COF.s + MOFs), and 4) COF for LS
and HS (COFs + COFys). The overall COP¢ of the four types are shown
in Fig. 4b. Although there is no evident discrepancy in maximum COP¢
of each type, the average COP. of cascaded AHPs using COFs for LS
and MOFs for HS (COF;s + MOFys) is significantly higher than the
other three types of combinations, followed by COF s + COFys (type
4), MOF;s + MOFys (type 1) and MOF;s + COFys (type 2). Such a
tendency suggested that COFs are suitable adsorbents for LS and
MOFs are favourable for HS, leading to the overall high cooling
performance of cascaded AHP systems.

This journal is © The Royal Society of Chemistry 20xx
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Aag+Aag

Aad+Bag
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MOF s+MOFys MOF 5 +COFys COF,s+MOFys COF s+COFns

Fig. 4. The COP, distribution of cascaded AHPs using (a) identical adsorbents at LS and HS (A.s+A.q) and different adsorbents for LS and HS (A,4+B,q); (b) the
COP, distribution of cascaded AHPs based on the four types of adsorbent combinations for LS and HS.

Since the combination of COFs + MOFs provides a large number of
best performers for cascaded AHPs, in the following analysis, we
mainly focused on their structure-property relationship. The
correlation between overall COP¢ of cascaded AHPs and the pore
sizes of their adsorbents of LS (LCDs) and HS (LCDys) in Fig. 5a shown
that the AHPs with the highest COP displayed the LCD,s/LCDys = 1.5
and LCD,s of approximately 15 A, implicating that adsorbents of LS
should possess the larger pore size than that of HS, consistent with
previous finding.> However, further increase in the pore size of
adsorbents at LS will not enhance the cooling performance due to
the reduced overall working capacity (Fig.2). Most of AHPs are based
on the combination of COF s + MOFs (Fig.5b), which is more evident
in Fig S2. The AHPs of other types did not have so many adsorbent
pairs exhibiting preferential pore sizes range (Figure S2 and Fig. S3a-

c). Similar tendencies were observed in pore volume ratio (Fig.5c-d)
and surface area (Fig.S4). It was found that the favourable pore
volume ratio for the overall COP¢ is Vis/Vus = 2 with Vs = 2 cm3/g
(Fig. 5¢) and ASAs/ASAys = 2 with ASAs = 3000 m?/g, consistent with
the pore size ratio. Most of AHPs with COFs + MOFs are located in
this range (Fig.5d and Fig.S4b). In general, the adsorbents of LS with
the slightly larger LCD, V, and ASA than those of HS are favourable
for COP¢. Such a tendency may be also related with the different
adsorbent-adsorbate interaction strength or the shape of adsorption
isotherms between LS and HS. It has been known that the adsorbents
of HS should be able to sustain the high desorption temperature,
implicating strong adsorbent-adsorbate interaction; whereas
relatively low desorption temperature for the adsorbents of LS is
required, indicating the weak adsorbent-adsorbate interaction.

Please do not adjust margins
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Fig. 5. The COP( distribution of cascaded AHPs with the various structure properties between low stage and high stage. (a) The COP change with the
LCD,s/LCDy;s of 3,166,602 cascaded AHPs. (b) The COP change with the LCD,s/LCDys of 431,703 COF s + MOFs cascaded AHPs. (c) The COP change with the V,,
1s/ Va, us of 3,166,602 cascaded AHPs. (d) The COP change with the V,, s/V,, us of 431,703 COFs + MOF,;s cascaded AHPs.

To evaluate the adsorbent-adsorbate interaction of LS and HS,
Henry's constant (Ky) that describes the affinity towards adsorbate
at ultralow pressure were calculated (Fig.6). Fig. 6a demonstrated
that the high-performing cascaded AHPs exhibited Ky s/Kyps = 0.1
with Kys = 10* mol/kg:-Pa, suggesting that the adsorbents of LS
exhibiting weak interaction and the adsorbents of HS exhibiting
strong interaction towards working fluids are preferential for COPc.
In other words, the adsorbents in LS with stepwise adsorption
isotherms and the adsorbents of HS with type | adsorption isotherm
will benefit the cooling performance of cascaded AHPs. The steps
location (a) of adsorption isotherms of MOFs and COFs at LS and HS

6 | J. Name., 2012, 00, 1-3

conditions (Fig.6¢, d, e and f ) validated that adsorbents with the high
steps at LS (MOFs with 0.1 < a < 0.2 and COFs with 0.2 < a < 0.6) and
adsorbents with low steps at HS (MOFs with 0 < a < 0.1 and COFs
with 0 < a < 0.2) are favourable for COP¢ . Similarly, COFs at LS and
MOFs at HS are the best adsorbent pairs for cascaded AHPs, which
exhibits preferential Ky s/Kunus (Fig.6b) and adsorption isotherms.
Such a tendency agrees with previous study on cascaded AHPs using
MOF-water working pairs, in which the use of hydrophobic MOF of
LS and hydrophilic MOF of HS can benefit the cooling efficiency.®

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6. (a) The COP. of total 3 166 602 cascaded AHPs as a function of Ky, s/Kiius; (b) The COP. of 431703 cascaded AHPs consisting of COFs for LS and
MOFs for HS(COF s+ MOFys ) as a function of Ky s/Ky us. The relationship between COPc and LCD of (c) MOFs in LS, (d) COFs in LS, () MOFs in HS, (f) COFs in

HS, colored by alpha point(a).

From the three-round computational screening, 3,404 cascaded
AHPs with COP¢ > 1.6 consisting of 10 MOFs (Table S2)and 36 COFs
(Table S3) for LS, and 66 MOFs (Table S4) and 8 COFs (Table S5) for
HS were identified, validating the preference of COFs for LS and
MOFs for HS. On the other hand, with the progress of screening, the
evolution of structure and adsorption properties of adsorbents in
cascaded AHP systems can be obtained (Fig. S7). According to the
evolution of pore size (LCD), pore volumes (V,), working capacities
(AW) and load average enthalpy of adsorption (-<A,4H>) of MOFs

and COFs of LS and HS from the first to the final round of
screening(Fig. S8 and Fig. S9), it was revealed that the screening
evolved the MOFs of LS with the slightly larger pore size (10 < LCD <
15 A), pore volume (V, > 1 cm3/g) and moderate average enthalpy of
adsorption (40 < -<A,4H> < 60 kJ/mol). However, MOFs of HS with
the smaller pore size (5 < LCD < 10 A), pore volume (0.5 < V, < 0.75
cm3/g) and moderate average enthalpy of adsorption (40 < -<A,qH>
< 60 ki/mol) are preferred. Similar trends were observed for COFs of
LS and HS, suggesting that large-pore adsorbents are favourable for

Please do not adjust margins



https://doi.org/10.1039/c9ta09227g

Published on 02 October 2019. Downloaded on 10/8/2019 3:35:10 AM.

of-Materials'Chemistry!A

ARTICLE

LS and small-pore adsorbents are more suitable for HS. Regardless of
adsorbents of LS and HS, moderate average enthalpy of adsorption
(40 < -<A,4sH> < 60 kJ/mol) and high AW are beneficial for the cooling
efficiency.

1.0
[ ] @® LS (sim) 0 LS (exp)
@® HS (sim) 1 HS (exp)
0.8
0.6 D
(8]
o
O
O
0.4
® ®
0.2
[
COF-5 MIL-101(Cr) COF-1 Cu-BTC

Fig. 7. Comparison of COP. of LS and HS obtained from prediction and
experiments.

In order to verify the trend above, two most widely investigated
MOFs and two COFs with varying pore sizes were synthesized and

Journal Name

tested. According to the measured adsorption isotherms, of smalls
pore COF-1 (~1.06 nm) and Cu-BTC (~1.1 nmPO4ra [&EE GonOeov S
(~2.58 nm) and MIL-101(Cr) (~2.58 nm), the COP of these structures
for LS and HS of cascaded systems were obtained(Fig. 7), which
shown that the large-pore COF performed better than MOF in LS,
and small-pore MOF perform better than COF in HS. Such results
suggested the reliability of the reported trend in this work regardless
of the deviation in ethanol adsorption isotherms of COFs observed
between experiments and simulations (Fig. S15) due to the poor
crystallinity of COFs 3537,

3.3. Data Mining and Machine Learning

To further clarify the role of the correlation between various
structure and adsorption characteristics of adsorbents with cooling
performance of cascaded AHPs, decision tree (DT) model was applied
to elucidate the route to identify the high-performance cascaded
AHP systems. DT model analysis of 3,166,602 cascaded AHP systems
in Fig. 8 shown that the working capacity (AW) plays a dominant role
in COP¢. There are generally seven routes from the DT analysis. It can
be found that the working capacity of LS (AW ) dominates the
overall COP. of cascaded AHPs, in which COP¢ > 1.6 when AW/s >
0.18 g/g. In the secondary layer, the working capacity of HS (AWys )
dominates, and most of the high-performing AHPs (COP: > 1.6)
possess the beneficial combination of COF s+ MOFys.

l Samples = 3, 166, 602

AW, 5<0.18 g/g

AW, 5> 0.18 glg

COPc<1.6

Samples = 3, 067, 704

AW, c<0.11g/g AW, 5> 0.1 glg

COPc>1.6

Samples = 98, 898

AW, <0.25 g/g AW,5 > 0.25 g/g

l |

[ Samples = 4, 028

~

J

Samples = Samples = _

3,004, 260 63, 444 [ Samples = 94, 870 ]
AW s<0.07g/lg | AW, s>0.07g/g AW,s50.21g/g AW,s>0.21 g/g AW, 0.17 g/g AW s> 0.17 g/g
Samples = — _ B ~ . ,
2,922, 156 Samples = 82, 104 Samples = 59, 432 Samples = 4,012 Samples = 88, 298 Samples =6, 572

l | l

l l l

([ s23% | 2.6% I 1.7% ) {

0.1% )i 28% ] 0.2% )

Route 1 Route 2 Route 3

Route 5 Route 6 Route 7

Fig. 8. Decision tree of 3,166,602 cascaded AHPs.

Given the critical roles of AW,s and AW, in determining the cooling
performance of cascaded adsorption heat pumps, the correlation
between the overall COP. and the overall working capacity was
elucidated (Fig.9a). The higher the sum of working capacity of LS and
HS (AW + AW,s), the higher cooling performance, which is
consistent with the tendency in single-stage AHPs. When AW,s +
AW,s > 0.4 g/g, there is no remarkable enhancement in the overall
COPc. Besides, the average enthalpy of adsorption -<4,4H> of each

8 | J. Name., 2012, 00, 1-3

stage is another important factor affecting the COP.. The high -
<A,4sH> (60 ki/mol< -<4,4sH> <100 kJ/mol) definitely resulted in the
reduced overall COP¢. Whereas the low -<4,4,H> (0 ki/mol< -<A,4H>
<40 kJ/mol) may give rise to high COP¢, but the working capacity of
such cascaded AHPs are too low. Only moderate -<4,4sH> is favorable
for both COP and the overall working capacity. It was also revealed
that both -<4,4H>s and -<A4,4H>4s should be at moderate range
(~40 kJ/mol) to achieve the high overall cooling performance

This journal is © The Royal Society of Chemistry 20xx
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(Fig.9b). Similarly, most of the AHPs with the combination of COFus+
MOF,s possess the suitable -<A,qH>s and RALIASQSFIg) 528)227G
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Fig. 9. (a) The relationship between AW s + AW,s and COP¢, colored by -<4,4H>s. (b) The relationship between (-<A,4H>s) + (-<A.4sH>ys) and COPg, colored

by -<AagsH> s,

Given the large diversity in the combinations of adsorbents in LS and
HS, predicting the cooling performance of cascaded AHP systems
based on GCMC simulations can be extremely time-consuming and
expensive. Therefore, machine learning (ML) was implemented to
accelerate the process of identifying high-performing cascaded AHPs
by the quantitative structure-property correlations. In this work,
various machine learning algorithms including multiple linear
regression (MLR), decision tree (DT), gradient boosting machine
(GBM) and random forest (RF) were used for predicting the COP¢ by
using the data from high-throughput computational screening. Six
descriptors including largest cavity diameter (LCD), accessible
surface area (ASA), void fraction (VF), available pore volume (V,),
Henry's constant (Ky) and density of structures (p) were used for
training of the dataset. According to Fig. S22, the 20% samples for
training are sufficient to give rise to the satisfactory prediction
accuracy. Thus, 20% samples was used for training and the 80% was

used for test. Among various ML algorithms, RF model shown the
highest prediction accuracy (R? = 0.95), followed by GBM (R2=0.94),
DT (R?=0.91) and MLR (R?=0.13) (Fig. 10), suggesting the success of
RF model in COP; prediction of cascaded AHPs. The average
computation time for each cascaded AHP by GCMC simulation 4.09
seconds, which is approximately three orders of magnitude of that
by machine learning (0.003 second), indicating significantly
accelerated screening process by machine learning. The relative
importance of varying descriptors of adsorbents in LS and HS by RF
model in Fig. 10e-f demonstrated that V, (24.99%) contributed most
to the COP¢ of LS, which may be due to the dominant role of pore
volume in the maximum uptake of adsorbents of LS. In HS,
Ku(23.58%) contributed most to the COP¢, suggesting the importance
of the affinity between adsorbents and working fluids, or the shape
of adsorption isotherm in determining cooling performance of HS in
cascaded AHPs .
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ne

model, 20% samples were randomly chosen as training dataset and the rest 80% were used as test dataset. The relative importancgf six deseriptarsoo27G
including LCD, ASA, VF, V,, Ky, and MOF density (p) from the RF model in COP. of (e) LS and (f) HS.

4. Conclusions

In this work, we evaluated the cooling performance of over
three million cascaded AHPs based on MOF and COF adsorbents
by high-throughput computational screening. It was revealed
that COFs and MOFs are preferential adsorbents for LS and HS,
respectively. Structure-property relationship analysis
demonstrated the high-performing adsorbents for cascaded
AHPs should exhibit the following characteristics: 1) the overall
high working capacity of LS and HS;2) the moderate average
enthalpy of adsorption for adsorbents in both LS and HS; 3)the
big pore sizes of adsorbents in LS than that in HS ;4) the lower
Henry’s constant of adsorbents in LS than that of HS, i.e. the
preferential stepwise adsorption isotherms of adsorbents for LS
and type | isotherms of adsorbents for HS. The dominant role
of working capacity of LS was illustrated by DT analysis and the
correlation between the overall working capacity, enthalpy of
adsorption and the COP¢ were further verified. Machine learning
was successfully implemented to predict the overall COP. of
cascaded AHPs of all adsorbent pairs, indicating the accelerated
development of high-efficient cascaded AHPs by quick
discovery of potential adsorbents. This study highlights the
potential use of novel adsorbent pairs, i.e. MOFs and COFs in
cascaded AHPs for the first time. Our findings may provide
useful insights into efficiently exploring high-performing
adsorbents for improved cooling performance of cascaded
AHPs.
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