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Optimal fluids for adsorptive cooling and heating
Giulio Santori, Chiara Di Santis

Abstract

The search for optimal fluid/adsorbent working pairs in adsorption heat transformers is featured by trial and
error method. In the last decades this approach has produced relevant progresses especially resulted in new
advanced adsorption materials. On the refrigerant fluid side water, ammonia, methanol and ethanol still
seem to be the only viable options. This work aims to explain the reason of that and the requirement that a
refrigerant fluid must fulfil in order to be considered as promising for adsorptive cooling and heating. A
thermodynamic framework is developed that merges the corresponding states principle with the
characteristic curve of adsorption. Finally the framework is applied to assess the theoretical coefficient of
performance of 258 fluids on 16 adsorption materials belonging to activated carbons, silica gels and zeolites,
by avoiding in this way blind search strategy of the optimal working pair. Furthermore, the approach is used
also to identify more generally the refrigerant thermodynamic properties for maximum performance. Fluid
critical temperature is often the chief property enabling higher performance, although not always all the
adsorption materials share the same sensitivity to the same thermodynamic properties.

1.Introduction

The recent progress in adsorption materials with extraordinary equilibrium properties has primed an increase
of performance in thermally-driven adsorption technologies that can use heat at temperatures <373 K and
convert it in a useful effect such as cold, separation or compression [1-8]. Few solutions exist capable of
usefully transforming such a low quality heat that is therefore often wasted. Adsorptive heat pumps and
chillers are among these solutions. To date, research in this area has been mainly focused on material [9, 10],
heat and mass transfer enhancement [11-13], process [14-18] and component optimization [19, 20].
Conversely, research and development of bespoke refrigerant fluids has been minimal, resulting in the
identification of water, ammonia, methanol and ethanol as viable fluids. The few analyses on this subject
aimed to develop an adsorption thermodynamic cycle independent of the properties of fluids [21-23]. All
these attempts ended up with the need for specification of a working pair [21] or with uncertainties in the
conclusions [23]. In [21] was concluded that latent heat of the fluid should have a value >1000 kJ kg* and any
other increase of this value does not provide a significant increase of the coefficient of performance (COP).
This conclusion was derived by fixing working capacity at 0.1 kgnuid kglass. Being the adsorption working
capacity dependent on the fluid/adsorbent working pair, this is a strong assumption which makes the
conclusions less general. The same issue is present in analyses elsewhere [23, 24], where the difficulty to
isolate the single effect respectively of fluid and material on the COP has been highlighted.

Therefore, every conclusion is valid only for the specific working pair at the specific set of operating
temperatures and conditions. The attempts for extending the results to different fluids and materials have
provided no clear direction on the features that a fluid must have for optimal COP.

In order to overcome this issue, the urgency of a large database of isotherms which can enable the direct
search of optimal working pair has been stated elsewhere [25-27] and some small adsorption databases are
already available [28-30] which, however, still require large improvement and a constant screening and
integration of the huge amount of new experimental data measured every year.

This work addresses directly the issues of the blind working pair search. The approach developed here merges
the corresponding states principle [31] and the characteristic curve of adsorption [32], resulting in a general
formulation requiring experimental data from only one working pair. From this approach, the identification
of fluid specifications enabling maximum COP is also derived.

2.Thermodynamics of adsorption heat transformers

Fig. 1 is exemplar of a thermodynamic cycle for adsorption refrigeration in the Claperyron diagram. The set
of temperatures typical of air conditioning are regeneration temperature (T.y) of 363 K, condensing
temperature (Tcong) of 303 K and evaporation temperature (T.,) of 283 K. This temperature set will be used



throughout this study. An adsorption heat transformer works at Tcons and Te, saturation pressures (Psq). The

adsorption isosteres are used to locate the cycle in the Clapeyron diagram.
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Figure 1: General thermodynamic cycle for adsorption refrigeration

The cycle is composed by 4 thermodynamic transformations:

1) States 1-2:isosteric heating. The adsorption bed is heated (Q,») at constant concentration until it reaches
the condensation pressure Pcong.

2) States 2-3: desorption. An amount of heat Qu.; is provided to regenerate the adsorption bed.

3) States 3-4: isosteric cooling. The adsorption bed is cooled until reaches the evaporation pressure Pe,.

4) States 4-1: adsorption. The adsorption bed is continuously cooled while it increases its concentration.
The difference between the maximal and minimal isostere is the amount of fluid evaporated (cooling
effect).

The described cycle is in its nature intermittent since it generates cooling only in transformation 4-1. The
cooling effect can be made continuous by using at least two adsorption beds that work alternatively. One
bed will be in 2-3 while a second in 4-1 transformation. A more extensive description of the cycle can be
found elsewhere [33]. Neglecting the parasitic energy required for heating of non-active masses and the
pressure drops in the system, COP is defined as:

cop = e (1)
Qdes+Qph

where

Qph = Q1Ep,refr (Tint,h - Tcond) + Ep,ads(Tint,h - Tcond) (2)
_ (q2—q3) —

Qdes = Cp,ads(Treg - Tint,h) + q22q3 Cp,refr(Treg - Tint,h) + qu; Ahadsdq (3)

Qev = (q1 — Q4)[L|Te,, - Ep,refr(Tcond - Tev)] (4)

for brevity the meaning of the subscripts is reported in the nomenclature section. By grouping the first term
in eq. (2) with the second of eq. (3), COP can be also reformulated by using dimensionless terms as indicated
in [33], resulting in the following expression:

1-K
COP = relr (5)
1+K1,ads/refr+K2,ads/refr
where
_ Ep,refr
Krefr - (Tcond - Tev) (6)
LITev

I3 Bhagsdq-Llr,,(a2-4s) -
L4, (q2—q3)

6 aas
Kz,ads/refr = ﬁ (Treg - Tcond) (8)

A number of thermodynamic properties such as the latent heat (L) and heat capacities of fluid and material
(Cp,ags and ¢y refr) along with the adsorption isotherms are needed to calculate the COP. These relations require
a number of thermophysical and thermodynamic fluid-specific parameters. A corresponding states principle-
based thermodynamic analysis can provide a formulation which reduces all the thermodynamic properties
only to critical temperature (T.), critical pressure (P), critical density (o), acentric factor (w) and ideal gas

Kl,ads/refr =



molar specific heat capacity at T¢ (cpocr). Coupling this approach with the characteristic curve of adsorption
theory [32], a general framework for the calculation of COP is obtained which requires only the above
mentioned properties of the fluid and the measurement of one reference set of adsorption isotherms.

3.Generalization of fluid thermodynamics with corresponding states principle

In its simplest form, the corresponding-states principle [31] provides a correlation where each
thermodynamic variable can be written as a function of T, and P.r and w. The corresponding state principle
competes with a number of equations of states such as Soave-Redlich-Kwong [34], Peng-Robinson [35] and
many others which, in the simplest cases, also have three substance-specific parameters. Here the
corresponding state principle has been chosen since the fluids of interest in adsorption are often polar fluids
[36, 37], therefore resulting in the failure of afore mentioned equation of states. Table 1 collects the
corresponding states correlations used in the present investigation for the calculation of the thermophysical
and thermodynamic properties of the fluids, such as saturation pressure (Ps.), molar latent heat (L), molar
saturated liquid density (psqe:) and molar specific heat capacity (cp). Details on the actual correlations can be
found in support material S1.

Table 1: thermodynamic and thermophysical correlations used in the calculation of COP.
Detailed correlations are reported in support material S1.

Correlation AAD* Ref
L=fiT, T, w) (9) <5% [38]
Psat=foT, Ter, Pery w) (10) <5% [38]
Psat = f3(T, Tey Pery W) (11) <9% [39]
Corefr = fa(T, P, Ter, Per, W, Per, Coo,er) (12) <8% [40, 41]

*AAD = average absolute deviation

Eqg. (12) is based on a generalization of the Lee-Kesler corresponding-states equation of state [42] extended
to fluids consisting of polar and larger non-polar molecules. The application of this equation of state has been
limited to the calculation of the molar specific heat capacity because it lacks of precision when used for Psgt,
L and pss: compared to the other models used. The set of equations in Table 1 completes the description of
the fluid, which in this way results identified only by a vector of fluid-specific entries (T, Pcr, Per, W, Cpocr). A
database of 258 fluids has been used in this work (support material S2), with values extracted from the
Dortmund Data Bank [43].

4.Extension of the adsorption isotherm to all fluids: characteristic curve of adsorption

Each fluid/adsorbent working pair has its own adsorption equilibrium, described by specific adsorption
isotherms. However, as observed in a number of cases [44-46], many adsorption materials exhibit a
characteristic curve which can describe the relative adsorption (g/g;) of fluids having similar thermodynamic
properties. In an attempt of extending the corresponding state principle to adsorption, it has been
demonstrated in [32] that for isotherms that can be reduced to the form (In(P/Psat) = J(T) X {(89)), where one
temperature dependent term and one composition dependent term can be distinguished, the characteristic
curve is defined by the following dimensionless group:

< RT In(P/Psq
C(9) = LR Meor) (13)

where C(9) is a universal dimensionless function of & = q/g; (fractional filling of pores or ratio between actual
adsorbed amount and adsorbed amount at saturation). Parameters are the saturation capacity (gs) and the
immersion free energy of the solid in bulk liquid adsorbate (AGimm). For an ideal gas, AGimm corresponds to:

AGimm = RT foqs In(P/Pgqt) dq (14)
A test of validity of the characteristic curve approach applied to adsorption of benzene, cyclohexane, n-
heptane and 1,2-dichloroethane on Davison PA-400 silica gel resulted in experimental equilibrium data
remarkably collapsing on the C(¢) function [32]. Therefore, C(9) is theoretically a general curve, which can be
derived by using adsorption isotherms measured for only one reference fluid. The adsorbed amount of fluid
different from the reference one can be theoretically calculated from C(89). The precision of C() in the
description of the actual adsorption equilibrium for fluids different from the reference one (the only one
having actually measured data) depends on the similarity of the corresponding states thermodynamic
parameters (i.e. Tr and P.) with the reference fluid. The error in using C(8) instead of a really measured
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adsorption isotherm increases when the difference between the critical parameters of reference and non-
reference fluid is high. The characteristic curve approach provides a value for ¢ but in order to retrieve gs the
application of Bachmann, Anderson and Gurvitsch’s rule [47-50] is eventually required:

Vp = qs/psat = COnstant (15)
Where (1/psqt) is the molar volume of the saturated liquid and V, is the total pore volume of the adsorption
material. It is well known that the density of the adsorbed phase is not the density of the saturated liquid as
it is in bulk phase vapour-liquid equilibrium [51-53]. However, the correct density of the adsorbed phase can
be assessed with more advanced investigations not completely experimentally proved yet, requiring more
complex approaches that cannot be reduced to the corresponding states thermodynamic parameters [53].
This work conserves the assumption that the adsorbed fluid is a saturated liquid as it has been assumed for
decades to derive an expression of the Dubinin isotherm based on moles (or mass) instead of volume [54].
Dubinin-Astakhov (DA) isotherm is written according to the following expressions:

t
don = qee M) (16)
Application of eq. (16) to eq. (14) leads to the following form of AGimm:
AGim = —qs E Gamma [1 + %] (17)
Where Gamma is the Gamma function. Therefore the characteristic curves for the DA isotherm result in:
C(P, T) - _ RT ln(P/Psat) (18)

E Gamma[1+%]

Substitution of eq. (16) in eq. (18) provides a second expression for the characteristic curve which is only
function of U

t
C(9) = ) (19)
Gamma[1+?]
5.Calculation of COP

Using the characteristic curve approach, COP has been calculated for 16 adsorption materials (Table 2)
belonging to activated carbons, silica gels and zeolites on the 258 fluids listed in support material S2. The
flowchart in Table 3 details the whole list of steps leading to the final COP value.

Table 2: Properties and isotherm parameters of the adsorption materials used in the present work.

COP? COP*

Material’ Material Name Vp Cp,ads Isotherm Refrigerant Qs E t (precise)  (approx.) Ref
cm® kg’ kd kg K! mol kg’ kJ mol!

AC A20 1028 0.90 DA Ammonia 45.91 3.16 0.8 0.52 0.64 [55]
AC A20 1028 0.90 DA R-134a 27.26 7.72 1.4 0.35 0.42 [56]
AC A20 1028 0.90 DA Ethanol 17.30 6.35 2.0 0.63 0.72 [57]
AC A20 1028 0.90 DA R-134a 28.00 7.14 1.5 0.37 0.42 [58]
AC A15 765 0.90 DA Ethanol 12.37 8.05 2.0 0.55 0.69 [59]
AC FR20 750 0.84 DA Ethanol 12.72 13.50 2.0 0.41 0.63 [59]
AC Maxsorblll 1700 0.93 DA Ethanol 26.05 5.54 1.8 0.66 0.75 [60]
AC Maxsorblll 1700 0.93 DA Methanol 26.92 4.15 2.0 0.70 0.79 [61]
AC Maxsorblll 1700 0.93 DA R-134a 42.22 8.70 1.2 0.38 0.46 [62]
AC Maxsorblll 1700 0.93 DA n-Butane 13.76 17.44 1.1 0.19 0.38 [63]
AC Maxsorblll 1700 0.93 DA R-134a 21.76 7.33 1.3 0.34 0.47 [58]
AC Maxsorblll 1700 0.93 DA Propane 20.41 8.58 1.2 0.18 0.40 [58]
AC SRD-1352/3 650 1.09 DA Ammonia 33.42 4.40 1.1 0.48 0.60 [55]
AC SRD-1352/3 650 1.09 DA R-134a 20.10 9.73 1.8 0.23 0.31 [64]
AC SRD-1352/3 650 1.09 DA Ethanol 13.91 8.78 1.5 0.51 0.63 [59]
AC AP4-60 470 0.77 DA Ethanol 7.63 10.60 2.0 0.43 0.62 [59]
AC ATO 640 0.98 DA Ethanol 10.35 11.20 1.7 0.43 0.62 [59]
AC COC-L1200 490 0.90 DA Ethanol 7.46 13.30 2.0 0.34 0.57 [59]
AC BPL 500 1.05 DA Chloroethane 7.1 13.10 2.0 0.13 0.27 [65]
AC 207EA 464 0.93 DA Methanol 10.30 6.57 1.7 0.54 0.68 [66]
AC WS480 663 0.93 DA Methanol 15.29 4.78 1.7 0.62 0.73 [66]
SG Si/LiBr 650 0.82 DA Ethanol 11.54 6.90 1.8 0.57 0.69 [59]
SG Grace narrow pore 400 0.92 DA Propane 4.68 5.05 1.2 0.14 0.25 [67]
SG Grace narrow pore 400 0.92 DA Propylene 4.93 7.09 1.3 0.12 N/A [67]
SG Grace wide pore 580 0.92 DA Propane 2.05 4.67 1.2 0.08 0.30 [67]
SG Grace wide Pore 580 0.92 DA Propylene 2.65 4.78 1.0 0.08 N/A [67]
ZEO AQSOA-Z02? 277 0.75 DA Water 17.21 7.00 3.0 0.72 0.80 [68, 69]
ZEO ETS-10 1195 0.80 DA Water 7.16 20.28 2.0 0.26 0.50 [70]

Note:

T AC = Activated Carbon; SG = Silica Gel; ZEO = Zeolite;

2 AQSOA-Z02/water equilibrium is described here by DA isotherm although this isotherm does not represent precisely the equilibrium. However, the present
investigation is limited to DA isotherm. Isotherms different from DA would result in different expression of the characteristic curve outside the focus of the
present study.

3 COP is calculated by using precise thermodynamic properties and the DA isotherm parameters of the specific working pair.

4 COP is calculated by using corresponding states approach and characteristic curve as described.



Table 3: List of steps for COP calculation with corresponding states and characteristic curve approach.

Step 1 | Assignment: (Tcond, Tev, Treg) and calculation of (Pcond,Pev) from Psat(T, Ter, Per, w)

Step 2 | Ouaxand Oy are calculated from by equating:

RT,

\/t _ln(gmin) = % ln(Psat,cond/Psat,reg)
RT.ona

\/t _ln(gMAX) =- % ln(Psat,ev/Psat,cond)

Step 3 | The amount adsorbed in each state of the thermodynamic cycle is calculated by Bachmann,
Anderson and Gurvitsch’s rule :

q= vapsat (T, Ters Per» @)

Step4 | Tixnand Tincare calculated by equating:
Tcond ln(Psat,ev/Psat,cond) = Tint,hln(Psat,cond/Psat,int,h)
Treg ln(Psat,cond /Psat,reg) = Tint,cln(Psat,ev/Psat,int,c)

Step 5 | All the remaining thermodynamic properties are calculated using:
L = f’](T, Tcr, UJ)
Cp,refr = Fa(T, P, Ter, Per, W, Per, Cpo,cer)

Step 6 | Heat of adsorption is according to:

dnigh=0maxVpPsat Omax
f Ahadsqu f Vppsat
q Omin

low=9minVpPsat
where
L=1f(T, Ter, w)
Psat = fS(T, Ter, Pcr, U))

F (@) e (% (pl)) ol (3))“‘””] s

Step 7 | All the values are available for COP calculation

6.Influence of the material properties on the characteristic curve
The exponent t is the only equilibrium parameter taking part to eq. (19). Fig. 2 shows that for values <2.5,
the t exponent has significant influence on the shape of the characteristic curve, whilst for values >2.5 the
curve changes for only a small extent. Therefore, all fluid having same t will lay on the same curve and fluids
having high values of t (>2.5) will share similar characteristic curve.
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Figure 2: Characteristic curve of adsorption at various values of Dubinin-Astakhov isotherm exponent t

A comparison of the curves calculated for ethanol, methanol, n-butane and propane on Maxsorblll is
provided in Fig. 3 which shows very small mismatches respectively for ethanol/methanol and n-
butane/propane. The experimental error in the isotherm parameters can impact consistently in these
mismatches sometimes even more than the fluid properties difference. This is shown by Fig. 4, where a
comparison of the different isotherms parameters obtained in two different laboratories [58, 62] for the
same working pair Maxsorblll/R-134a is reported.
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Figure 4: Characteristic curves of R134a on Maxsorblll from two different laboratories [58, 62]. Set 1 is from
[62], set 2 is from [58].

7.Influence of the fluid properties on the working capacity

Following up with the approach developed in [22], eq. (19) provides a good basis to locate directly on the
characteristic curve the working states of the adsorption thermodynamic cycle. The important states for the
guantitation of cycle performance are those related to the working capacity Ad=(Omax-Omin) Wwhere Guax is the

rich isostere and Omin is the lean isostere which are identified on the characteristic curve by the following two
values:

Psat,cond/ )
RTTeg ln( Psat,reg

E Gamma[l +%]
(Psat,ev

Clean(P: T) = Clean(gmin) = -

(20)

RTcona in Psat,cond)

Crich(P,T) = Cricn(Omax) = — & Gamma[1+%]
where Psqtcong/evsreq are respectively the saturation pressures at Teond, Tev and Treq. Saturation pressure can be
expressed by eq. (10), ending up with a formulation which is dependent on the thermodynamic properties
(Ter, w) of the fluid. The sensitivity of the working capacity to (T., w) is analysed in Fig. 5a and 5b. Fluids at
higher T,r and w benefit of larger working capacities. Interestingly, the characteristic energy E which is one of
the parameters of the DA isotherm, has an effect on the working capacity which is similar and inverse to (T,
w). Fig. 5c shows that lower values for E promotes larger working capacities. In this formulation, the
characteristic curve is independent from the parameter E.

(21)
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Figure 5: Influence of the fluid properties on the working capacity: (a) influence of the fluid critical
temperature; (b) influence of the acentric factor; (c) influence of characteristic energy E for Dubinin-
Astakhov isotherm.

8.Assumptions and limitations of the approach
The presented approach is valid within the following assumptions that include those of the corresponding
states and characteristic curve theories:
- Mass of the heat exchangers is neglected;
- Vapour and adsorbed phases are ideal: all the expressions can be written as functions of pressure
instead of fugacity and AGimm can be reduced to eq. (18) [71];
- Adsorption equilibrium is best described by DA isotherm;
- The characteristic energy of adsorption E is the same for all fluids (used in step 2 calculation of Table
3);
- The fluid is adsorbed as a saturated liquid (Bachmann, Anderson and Gurvitsch’s rule, eq. (15)) over
the whole range of concentrations.
The present analysis has intrinsic errors. Errors are introduced by the characteristic curve approach which
guantitatively represents actual adsorption isotherms only within a limited range of variation of the DA
isotherm exponent t. Other approximations are introduced by the application of the corresponding states
principle for the calculation of the fluid thermophysical and thermodynamic properties and by the
combination of eq. (11) and eq. (15). Errors in the pore volume which is an information reported with low
accuracy in the many references, and saturated liquid adsorbed fluid are the two weak assumptions of the
present approach. Moreover, errors in saturated liquid affect not only directly the value of the working
capacity but also the integration intervals of the enthalpy of adsorption. A check on the COPs, aimed to
guantify the maximal errors is reported in Table 2 showing that the average error of the present approach is
28%. Therefore the present approach can identify relative but not absolute figures of merit.

9.Influence of the fluid properties on the dimensionless COP parameters

The dimensionless form of COP in eq. (5) allows the separate investigation of the three factors (Krer, K1,ads/ref,
K> qas/ref) Which have to be minimized for optimal COP. Kffactor is function only of fluid properties and this is
the reason of the overlap of many of the data in Fig. 6. From Fig. 6, minimal values of K. are at high critical
temperature and critical pressure, with a decreasing rate smaller at P> 6500 kPa.
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Figure 6: Dependence of Ky on adsorbate critical temperature and critical pressure

K1,qas/ref factor is the ratio between heat of adsorption and latent heat of the fluid. As shown in Fig. 7, the
value of this factor has a region of minima centred around T, = 400 K. Interestingly this region of critical
temperatures includes Ammonia (T, = 405.65 K). The adsorption material governs the non-linearity of the
correlation between Kiqds/ref and Ter. Depending on the material, Ki,q457ef can be more or less strongly non-

linearly correlated to Te.
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Figure 7: Variation of Ky q4s/7ef With adsorbate critical temperature

This study keeps the specific heat capacity value of the adsorption material constant across all the operational
range of temperatures. This makes K> qds/er Only a function of latent heat, which is here calculated according
to eq. (9). So, its dependence is mostly on T, and P, given that w is defined on P,.. Fig. 8 shows that, similarly
to Kref, Ko,ads/ref Can be minimized by using fluids at high T, and P, and fluids having P.,>6500 usually have also
low values of Ky qas/rer. Nevertheless, there is a region of T, where K> ads/rer is maximal. This region moves from
material to material depending on the specific heat capacity of the material itself.
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10.Sensitivity of the COP to the fluid properties
The described approach cannot be applied for each adsorption material of Table 2 to the whole list of fluids
because the reference characteristic curve is obtained only on one specific fluid. Therefore, as a criterion of
similarity among fluids, only a neighbourhood centred in the values of the thermodynamic parameters of the
reference fluid can still be considered reliable. Fluids falling in this neighbourhood are assumed adsorbing on
the same characteristic curve of the reference fluid. Fig. 9 and 10 show the COP variation respectively with
Ter and per when this neighbourhood is assumed in a £30% region of the reference fluid properties. For all
materials, fluids with higher T.-and p.- produce higher COP, but whilst COP and T, are fairly linearly correlated
throughout the screened range, p. has a strong effect on COP only below 8000 mol m and unevenly on all
the adsorption materials. According to eq. (15), p. affects directly the adsorption saturation value gs, so it is
trivial that fluids with higher p.- are beneficial for the COP.
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Figure 9: Variation of the COP with the adsorbate critical temperature
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Figure 10: Variation of the COP with the adsorbate critical density

Despite the large errors of the present analysis, making equivalent the cases of COPs in the range 0.6-0.8, it
still enables relative comparisons between materials. Fig. 11 offers a closer look in this range. Although the
list of fluids in support material S2 is wide, it is not exhaustive and many of them can still be included in
extended analyses. Fig. 11 shows many hazardous fluids and this discourages their application, especially for
adsorption chillers, regarded as safe and environment friendly devices. Water, methanol, ammonia and
ethanol are confirmed as being among the best fluids for adsorption cooling, although there are promising
fluids which have been to date neglected such as 2-propanol.
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Figure 11: Variation of the COP with the adsorbate critical temperature in the range of COP from 0.6 to 0.8

11.0ptimal fluid requirements for maximal COP
In order to univocally identify common leverage effects of the corresponding states parameters on the COP,

the following set of quantities is calculated:
acor _acop _acop . 9coP acor

T, ATy; 9Per AP 3per Aper; EP Aw; cpocr Acpo,cr (22)
The values of (AT, AP., Ape, Aw, Acpocr) are calculated as a £30% neighbourhood of the critical values of the
reference fluid. Acentric factor w is correlated with P, by definition:

w = —logy, (PS‘”) -1 at et — 0.7 (23)

PCT cr
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So, this correlation hinders the results of the sensitivity analysis on P... Acentric factor has been intentionally
conserved in this analysis since it is calculated by precise saturation pressure correlations. In our case, eq.
(10) does not have the precision to allow substitution of w with his definition. Results of the analysis on
derivatives are reported in Fig. 12 for the three classes of adsorption materials investigated. Fig. 12 clarify on
the sensitivity of COP to the change of fluid properties.

For all the working pairs, a decrease in the cpgr is beneficial for COP maximization. The effect of a change in
Cpo,cr is comparable in magnitude to those on p. and w. Fluids with higher p.- and w enable higher COPs,
although the magnitude depends on the specific material and on the reference fluid where the derivative is
calculated. In all the cases, except Maxsorblll/methanol and WS480/methanol, T, is the most important
variable, affecting more than all the other variables the value of COP. The COP that one specific material can
perform will result maximal if high T fluids are used. This does not mean that all material will have high COP
by using high T, fluids, rather high T fluids enable the highest COPs that a material can achieve.

All the leverage effects already observed in the previous analysis are conserved across the materials,
confirming the reliability of the analysis, although the magnitude of the effects depends on the specific
material and on the reference fluid where the derivative is calculated.

Error bars in Fig. 12 quantify the standard deviation of each single variable in the investigated neighbourhood.
This information is reported to assess the conservation of the derivatives throughout the neighbourhood.
For all variables, the variance is lower than the central value, therefore the leverage effect on COP can change
in the magnitude but not in the direction across the whole neighbourhood, meaning that fluids with high T,
perand w and with low cpocr favour higher COP.

Fig. 12 sheds light on the reason of the good performance that can be reached using water as refrigerant
fluid, having water an extremely high T and p.

Other fluids such as ammonia, methanol and ethanol have T, well below water, but the combination of the
other properties (o and w) make the final COP competitive to water (Table 4).

Accordingly, for an hypothetical material capable of adsorption of all fluids, methanol and ethanol will always
show COPs lower than water and likely comparable with ammonia. Methanol will always provide COP higher
than ethanol thanks to its higher p.. These conclusions are correct for the specific material as long as the
leverage effect on COP is T > po> w, but this is not always the case as shown in Fig. 12.

Table 4: Thermodynamic properties of feasible fluids for adsorption cooling and heating

Mol wt. Ter Per Per Z. w Crocr

[g mol] K] [kPa] [mol m-3] [kJ mol! K]
methanol 32.042 512.64 8140 8547 0.224 0.566 0.061
ethanol 46.069 513.92 6120 5952 0.240 0.643 0.098
ammonia 17.031 405.65 11300 13889  0.241 0.253 0.038
water 18.015 647.30 22048 17857  0.228 0.344 0.037
1-propanol 60.096 536.78 5120 4545 0.252 0.617 0.135
2-propanol 60.096 508.30 4790 4525 0.250 0.670 0.133
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Figure 12: Gain in the COP on change of fluid properties

12.Conclusion

An analysis on the sensitivity of COP on refrigerant fluid properties for adsorption heating and cooling has
been performed by coupling the corresponding states principle with the characteristic curve of adsorption
theory. The analysis has included 258 refrigerant fluids (support material S2) and 16 adsorption materials
(Table 2). For the majority of materials, the fluid properties can have formidable leverage effect on COP.
Adsorption heating or cooling is favoured by fluids having high critical temperature, whilst critical density and
acentric factor are the second most important properties to enable the highest COP achievable to a material.
For the majority of cases, leverage effect of the thermodynamic property of the fluid on COP was as follow:
critical temperature > critical density > acentric factor. The present analysis highlights the need for synthesis
of fluids tailored for adsorptive cooling application, which can significantly increase the COP exceeding the
values achieved so far.
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Nomenclature

cop Coefficient of performance

Cprefr Refrigerant fluid isobaric specific heat capacity [kJ kg™ K]

Cpo,cr Refrigerant fluid molar ideal gas specific heat capacity at critical temperature [kJ kg™ K?]

Cp,ads Refrigerant fluid isobaric specific heat capacity at a specific temperature [kJ kg™ K]

Cp,ads Average adsorbent specific heat capacity [k) kg K] between maximal (Te) and minimal
(Teond) temperature of the thermodynamic cycle

Cprefr Refrigerant fluid isobaric specific heat capacity at specific thermodynamic conditions
[kJ kg™ K]

Cp,refr Average refrigerant fluid molar specific heat capacity [k mol™* K] between two different

states of the thermodynamic cycle
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E Characteristic energy for Dubinin-Astakhov isotherm [kJ mol]

Kref Dimensionless factor for the calculation of COP as defined in eq. (6)
K1,ads/ref Dimensionless factor for the calculation of COP as defined in eq. (7)
K2, ads/ref Dimensionless factor for the calculation of COP as defined in eq. (8)
L Refrigerant fluid molar latent heat [kJ mol?]

Per Refrigerant fluid critical pressure [kPa]

Peq Equilibrium pressure [kPa]

Psat Refrigerant fluid saturation pressure [kPa]

q Amount of moles adsorbed at specific (T, P) [mol kg]

Ohigh Amount of mole adsorbed (high concentration) [mol kg

Qlow Amount of mole adsorbed (low concentration) [mol kg™

s Saturation adsorption capacity [mol kg?]

Ques Desorption specific power [kJ kg!]

Qev Cooling specific power [k kg]

Qph Isosteric heating specific power [kJ kg™

R Universal gas constant [kJ mol?* K]

t Exponent in the Dubinin-Astakhov isotherm

T Temperature [K]

Teond Condensing temperature [K]

Ter Refrigerant fluid critical temperature [K]

Teq Equilibrium temperature [K]

Tev Evaporation temperature [K]

Tinth Intermediate temperature at the end of the isosteric heating phase [K]
Treg Regeneration maximal temperature [K]

V, Pore volume [m?]

Greek symbols

Ahags Differential enthalpy of adsorption [kJ mol?]

AHags Enthalpy of adsorption [kJ kg]

w Refrigerant fluid acentric factor

Per Refrigerant fluid critical density [mol kg]

Psat Refrigerant fluid saturated liquid molar density [mol kg]
0 Fractional pore filling (q/qs)

C(8) Characteristic curve of adsorption

AGimm Gibbs energy of immersion [kJ mol?]

Q Grand potential of adsorption [kJ mol?]
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