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Summary 

Adsorption chillers, heat pumps and storages offer solutions for the valorisation of waste 
or solar heat for cooling and heating demands and for thermal energy storage. While 
these adsorption heat transformation (AHT) applications are environmentally friendly 
and are potentially important in a sustainable energy system, they currently maintain a 
niche status in the market due to costly and bulky appliances. A mayor issue to be 
addressed, in order to overcome this status, is the improvement of the core component, 
the adsorption heat exchanger (Ad-HX) by process intensification. This process is 
governed by adsorption dynamics: the interaction of heat and mass transfer (HMT) 
resistances, sorption equilibria, sorption enthalpies and heat capacities. 

In this work, the frequency response analysis (FRA) is applied to quantitatively 
investigate the governing heat and mass transfer mechanisms for 30–60 °C in aluminium 
fumarate coatings of 140–610 µm thickness. This metal–organic framework has 
attracted recent interest for AHT due to its exceptional water adsorption properties for 
low temperature driven applications and potentially low production costs. For the FRA, 
realised in a custom built setup, a coating sample is placed in a small chamber whose 
volume is changed sinusoidally, while the pressure and the sample surface temperature 
is measured. The evolution of this response over the excitation frequency is compared to 
specifically derived models. 

Based on a model with discretised heat transfer and linear driving force (LDF)-
simplified micropore diffusion, the thermal conductivity of the samples was identified as 
about 0.07 W/(m K), and the LDF time constant between 0.1 and 3 s–1 at 40 °C with a 
U-shaped loading dependency and an Arrhenius-type temperature dependency. 
Macropore diffusion and the thermal coating–support contact are not limiting. 
Additionally, manometric uptake measurements and – to derive the adsorption enthalpy 
with a novel approach – small isothermal and isochoric state changes are carried out in 
the same apparatus. The isotherm confirms the step-like form known for aluminium 
fumarate with a temperature dependent inflection point at 𝑝𝑝rel ≈ 0.25, 0.28 and 0.33 for 
30, 40 and 60 °C. The calculated differential enthalpy of adsorption is found to be 
2.90±0.05 MJ/kg (52.2±1.0 kJ/mol) on average, which is about 10–15% higher than 
expected by a simple Dubinin approximation, with no significant loading or temperature 
dependency. The loading dependent specific heat capacity of the coating is measured by 
DSC, revealing values for the dry coating of 1.1–1.2 kJ/(kg K) between 30 and 90 °C and a 
concave loading dependency, which deviates from the common approximation 
(assuming the 𝑐𝑐𝑝𝑝 of pure water for the adsorbate) by up to 20%.  

The parametrised model is successfully validated by comparing a measured large 
temperature jump experiment to the results from a non-linear simulation informed 
solely by these parameters obtained from the new FR-based method. 

The concept of effective thermal resistances is introduced and further extended to 
directly interpret the obtained transfer parameters in terms of their relevance for AHT 
applications and for rough estimates of principle performance indicators. This analysis 
shows that for thinner coatings the mass transfer, and for thicker coatings the heat 
transfer is limiting, with overall effective thermal resistances of 1–4 (m2 K)/kW. This 
reflects an improvement of about one order of magnitude compared to values reported 
for a state-of-the-art silica-gel granular bed. Based on a heat exchanger design case 
study, the expected specific cooling power on heat exchanger level is in the range of 0.2–
0.7 kW/l with a coefficient of performance between 0.54 and 0.67, for typical boundary 
conditions of a data centre cooling application.  
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blw ...................  Bellow (modulates the measuring chamber volume) 

bnd ...................  Binder 

btm ..................  Bottom of the composite (at the interface to the sample support) 

C ........................  Carnot 

cal .....................  At calibration conditions, blank measurement 

ch ......................  (Measuring) chamber, characteristic 

cldPlt ...............  Cold plate 

cmp ..................  Composite 

cor ....................  Corrected 

ct .......................  Coating 

D .......................  Dosing chamber 

drv ....................  Driving difference 

e ........................  Evaporator 

EC .....................  Evaporator/condenser 

eff .....................  Effective 

eq ......................  At equilibrium 

err ....................  Error 

exp ...................  Experimental 

𝑓𝑓 ........................  Per Frequency 

g ........................  Gas  

H .......................  High level 

HT ....................  Heat transfer, heat transformation cycle 

HX .....................  Heat exchanger  

init ....................  Initial conditions 

Kn .....................  Knudsen (diffusion) 

L ........................  Low level, liquid 

LDF ..................  Linear driving force 

lft ......................  Lift 
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M .......................  Medium level, measuring chamber 

m .......................  Intermediate 

maD .................  Macropore diffusion 

mat ...................  Material level (in contrast to heat exchanger or appliance level) 

max ..................  Maximal, maximum 

mi, miD ...........  Micropore (diffusion) 

min ...................  Minimal, minimum 

MKS .................  Related to the capacitive pressure sensor MKS Baratron 627B  

msr ...................  Measured 

MT ....................  Mass transfer 

p ........................  Parameter 

rel .....................  Relative 

s .........................  (Ad)sorbent, (ad)sorption 

s+a ....................  Combined property of the adsorbent–adsorbate system 

sat .....................  At saturation condition (liquid-vapour equilibrium) 

smpSrf ............  Sample surface 

srf .....................  Surface of the composite/sample 

STS ...................  Related to the piezo-resistive pressure sensor STS ATM  

thr ....................  Thrust 

v ........................  Vaporisation 

vis .....................  Viscous (flow) 

w .......................  Water 

𝜎𝜎 ........................  Surface excess quantity 
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1. Introduction 

Cooling for goods and buildings is a pre-requisite for the satisfaction of many basic 
human needs. However, it is strongly coupled with primary energy consumptions and 
greenhouse gas emissions, and thus an important driver of global warming. At the same 
time, increasing global temperatures and thriving economies in hot regions of the earth 
are expected to drastically increase cooling demand in the coming decades (IEA, 2018). 

Especially in low and middle income countries, refrigeration for food and medical 
products as well as air conditioning for improved productivity are basics for 
development. Meeting this demand, while mitigating climate change, requires 
alternatives to the pathway of fossil-fuel-based industrialisation. While these questions 
are political and global-economic in principle, innovative technology can contribute 
significantly. 

Adsorption chillers and heat pumps are among those technological parts of the 
solutions. They allow for the environmentally friendly valorisation of waste or solar heat 
for cooling demands, avoiding problematic refrigerants or pressure on the electrical grid. 
The working principle allows a simple, robust and scalable design: The affinity of solid 
adsorbents to a refrigerant, like water, is used to provide the required low pressure to a 
cold-producing evaporator – replacing the suction side of a mechanical vapour 
compressor. After saturation, the adsorbent is regenerated by applying heat, while the 
refrigerant is conducted with the required high pressure to a condenser – replacing the 
pressure side of the compressor.  

The same principle may be employed for thermally driven heat pumps and thermal 
energy storage (Pinheiro et al., 2020). Adsorption chillers and heat pumps have been 
applied successfully for different applications like solar thermal cooling of buildings 
(Meunier, 2013), gas adsorption heat pumps (Metcalf et al., 2012; Wittstadt et al., 2017) 
and more (Wang et al., 2010; Pang et al., 2013). All these applications are summarized as 
adsorption heat transformation (AHT). (IEA, 2012) 

1.1 Motivation 

Despite the important role AHT can play in a sustainable energy system, the technology 
suffers from a low level of development and has currently a niche status (Stryi-Hipp & 
Dias, 2014). The fundamental motivation for this PhD project is derived from the 
resulting research needs. Further development aims at safe and cost-effective operation. 

In order to overcome this niche status of the state-of-the-art technologies, the cost 
and size of appliances need to be reduced, while keeping stability and efficiency high. 
Activities targeting theses aspects include improving materials, heat exchangers, 
appliance designs and control strategies (Teng et al., 2016). 

The improvement of the core component, the adsorbent covered adsorption heat 
exchanger (Ad-HX), has been identified as mayor issue to be addressed by process 
intensification in order to reduce size, weight and cost (Aristov, 2017a). This process is 
governed in large parts by adsorption dynamics: the interaction of heat and mass 
transfer (HMT), sorption equilibria, sorption enthalpies and heat capacities in adsorbent 
composites. This interaction is marked by a strong and non-linear coupling between heat 
and mass transfer, which make adsorption dynamics – simply speaking – being 
somewhat complicated. This might be a primary reason why Ad-HX are often found to be 
designed using an experimental trial-and-error approach instead of a targeted design 
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and optimization method, as deplored by several authors recently (Pinheiro et al., 2018; 
Aristov, 2020; Graf et al., 2020). Pinheiro et al. (2018) focus on the process of selecting 
and interpreting simulation parameters for a given Ad-HX model using design of 
experiment and response surface methodology, in order to reduce the number of 
simulations required for a given optimisation task. However, actual experimental 
assessments of the adsorption dynamics are not taken into account, thus, the elaborated 
statistical methods stand on a weakly validated basis. In contrast to this, Graf et al. 
(2016; 2020) suggest using small-scale experiments to calibrate a transient adsorption 
dynamic model, which then is used to predict the performance of a full-scale Ad-HX. A 
similar approach has been developed at Fraunhofer ISE (Schnabel et al., 2018). However, 
these approaches have two shortcomings, which this work is addressing: 

• The dependency on the thermodynamic state of the fitted adsorption dynamics 
can – if at all – be resolved only very coarsely. Due to its principle design, the 
experimental method applied, the large temperature jump (LTJ), struggles with 
clearing up this dependency on temperature, pressure and refrigerant-loading 
of the adsorbent. Moreover, the method requires fitting non-linear transient 
models in the time domain through numerical solutions, demanding time-
consuming implementations and computations. 

• The performance prediction for an Ad-HX requires transient, non-linear and 
often space discretised models to be solved, which is a time consuming and 
error-prone task. 

The frequency response analysis (FRA), a proven method for the analysis of various 
mass transport phenomena in adsorbents, is based on periodic excitations of an 
adsorbent material and the analysis of the frequency spectrum of the responses to these 
excitations (Kärger et al., 2012). It allows distinguishing different transfer mechanisms, 
since they manifest in different characteristic patterns at different frequencies 
depending on their time constant and physical nature. Beneath several practical 
advantages, with the FRA the dependency of transfer parameters on the thermodynamic 
state may be determined, as during one measurement the sample is kept in a small and 
well-defined state region. 

A simplified method for the performance prediction of Ad-HX based on heat and mass 
transfer parameters has not yet been established. However, there are approaches to 
quantitatively compare heat and mass transfer, by mapping the mass transfer resistance 
to an equivalent heat transfer resistance. This has been first suggested by Wittstadt et al. 
(2017) and then further elaborated by Ammann et al. (2018) for the phenomenological 
interpretation of gramm-scale experimental data.  

The development of new adsorbent materials has been a research interest for many 
years. Beneath practical considerations, like safety, stability and economic availability, 
adsorbents with a high refrigerant-uptake in a narrow range of thermodynamic states 
allow for best performances in terms of efficiency and compactness for applications with 
given temperature boundary conditions (Aristov, 2013). Amongst the materials, 
exhibiting such an S- or step-shaped isotherm, aluminium fumarate (Alfum), a metal-
organic framework (MOF), has attracted increasing interest for thermal applications in 
recent years (Jeremias et al., 2014; Kummer et al., 2017b). Alfum is especially interesting 
for applications with low driving temperature levels (Lenzen et al., 2019). While not yet 
available at low enough prices for AHT, this material is potentially a cost-effective 
material due to widely available educts (Al-salts and fumaric acid) and water based 
synthesis route (Kiener et al., 2009). A promising approach to increase compactness in 
Ad-HX is to use binder-based adsorbent coatings to allow for a substantially better heat 
transfer to the heat exchanger structure in comparison to loose grain beds, the state of 
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the art solution (Freni et al., 2015). While the manufacturability of such an Alfum-coated 
Ad-HX has been proven (Kummer et al., 2017b), detailed knowledge about the 
adsorption dynamics is still missing. For this reason, these coatings have been chosen as 
exemplary material to be analysed in this work. 

1.2 Research Question 

This work focusses on two principal questions derived from the motivation above: 
1. What are the relevant transfer parameters for the adsorption dynamics of 

binder-based Alfum coatings, with a special focus on their dependency on the 
thermodynamic state? 

2. How can the resulting heat and mass transfer parameters be presented in a 
simplified form, allowing a direct interpretation of their relevance for AHT and 
rough estimates of principle performance indicators for efficiency and 
compactness? 

For the analysis of the adsorption dynamics, a FRA-based method is developed and 
applied, that extends the conventional FRA in two ways: Firstly, the method, classically 
designed and used for the investigation of mass transfer phenomena, is extended to 
investigate heat transfer effects in detail, in order to differentiate thermal conductivity 
and contact resistances. This includes developing and analytically solving new heat and 
mass transfer models. Secondly, the FRA is embedded in a measurement procedure that 
allows, in a single measurement run, to determine the adsorption equilibrium properties 
and the adsorption enthalpies at exactly the same thermodynamic state of the same 
sample. This reduces effort for and possible conversion errors of separated 
measurements. 

Further, this first question is extended to whether it is possible to use the obtained 
transfer parameters and equilibrium properties to properly predict the behaviour of the 
sample under application-like, i.e. strongly non-linear and transient, conditions. 

For the simplified parameter interpretation and performance estimation, the concept 
of effective thermal resistances is suggested. It extends the idea of equivalent heat 
transfer resistances, which were derived from experimental data, by theoretically 
relating the effective resistance directly to heat and mass transfer parameters. Further, 
the overall performance of an AHT can be estimated directly from an Ohm’s-law-like 
relationship between the effective resistances and an overall driving temperature 
difference. This temperature difference may be easily calculated by subtracting 
temperature differences of external temperature boundary conditions and an internal 
characteristic temperature difference, deduced from the adsorption equilibrium in a 
concise and compact form. 

This second question is completed by showing to what extent this simplified 
performance prediction on Ad-HX level is comparable to the prediction from commonly 
used LTJ experiments. 

1.3 Structure of the Work 

This work is structured as follows: 
The second chapter ‘Fundamentals’ provides the required background from the state 

of the art, including a critical review of key aspects. The AHT theory is built up starting 
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from basic equilibrium thermodynamics, through the different aspects of adsorption 
dynamics up to the AHT on appliance level. The chapter includes an overview on 
sorption materials, without going into the details of material chemistry and synthesis.  

The third chapter ‘Theory and Model’ comprises the two theoretical pillars developed 
within the scope of this work: The extended FRA including novel heat and mass transfer 
models with their solutions in the Laplace domain and the parameter identification 
method, and the concept of effective thermal resistances. 

In the fourth chapter ‘Experiment’ details about the experimental work undertaken 
are given. After defining the samples investigated, the extended FRA comprises the 
mayor part of this chapter as the principal experimental method used and developed in 
the frame of this work. This includes the experimental setup, measurement procedure, 
data processing and a thorough uncertainty analysis. Additionally, the way how 
established methods are employed is specified, namely the differential scanning 
calorimetry (DSC) and the LTJ. 

Results and discussions are regrouped in Chapter 5. These are the relevant 
equilibrium thermodynamic material properties and the experimental FRA results 
alongside with the identified transport parameters obtained from the model derived in 
Chapter 3. The later includes an in-depth interpretation and the LTJ-based overall 
validation of the approach. Further, the expected Ad-HX performance is presented based 
on the concept of effective thermal resistances. 

Finally, conclusion and outlook may be found in Chapter 6. 
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2. Fundamentals 

This chapter provides the required background from the state of the art, including a 
critical review of key aspects. The AHT theory is built up starting from basic equilibrium 
thermodynamics, through the different aspects of adsorption dynamics up to the AHT on 
appliance level. Finally, this chapter will give an overview on sorption materials, without 
going into the details of material chemistry and synthesis. 

While the field of adsorption theory is typically a basis for process engineering 
applications like catalysis or gas separation, for AHT the focus is slightly different. Thus, 
questions regarding the energy balance and heat transfer problems are dealt with in 
depth, including especially the role of the adsorption enthalpy and the specific heat 
capacity. 

Special attention is paid to the experimental techniques available to access the 
physical parameters introduced in the following. 

Ab

Desorption Adsorption

d𝑚𝑚aSystem boundary Adsorbate (a)

Adsorptive (g)

d𝑄𝑄

Adsorbent (s)

 

Figure 1: Schematic microscopic adsorbent–adsorbate system of a single-component adsorbate on two 
principal types of adsorbents: either regular microporous crystalline like a zeolite or a MOF (left half of 
the schematic) or irregular like a silica gel or an activated carbon (right half), with key terms and variable 
indexes 

2.1 Adsorption Thermodynamics 

Adsorption thermodynamics aims to describe the equilibrium relations coupled with the 
physical phenomenon of adsorption. 

Adsorption and desorption, as depicted in Figure 1, are the processes of binding and 
releasing molecules or atoms between a fluid phase, the adsorptive, and the surface of a 
solid, the adsorbent. Often, the terms sorbent or (ad)sorption material are used 
interchangeably instead of adsorbent. The bound molecules or atoms are referred to as 
adsorbate. In the context of AHT the adsorptive will always be assumed to be a gas phase 
of a single constituent, also referred to as the refrigerant or working fluid. Further, the 
adsorbent is a porous material, which might host parts of the gas phase inside its pores – 
in contrast to the bulk gas phase that is outside of any porous structure. 

Adsorption thermodynamics, as understood here, is the most general description of 
adsorption without any assumption about the nature of the adsorption process. Details 
of this process, like the properties of the adsorbed molecules, the adsorbent pore 
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structure, or the nature of the adsorption forces, are highly relevant to material science 
but beyond the scope of this work. 

The state of an adsorbent–adsorbate system with a single-component adsorbate is 
defined by three state variables, which are commonly chosen as: the pressure 𝑝𝑝 (or the 
relative pressure 𝑝𝑝rel = 𝑝𝑝 𝑝𝑝sat(𝑇𝑇)⁄ ), the temperature 𝑇𝑇 and, as additional variable, the 
loading  

 𝑋𝑋 =
𝑚𝑚a

𝑚𝑚s
. (1) 

A third state variable is, according to Gibbs phase rule, required for this system of two 
constituents (adsorbent and refrigerant) and two phases with two degrees of freedom. 

Classically, the adsorbent (denoted by index “s”) and the adsorbate (“a”) are assumed 
to be two different phases with following properties (Kast, 1988): 

1. The adsorbent is inert. Thus, any thermodynamic property 𝑍𝑍 of the adsorbent 
is independent of the loading and only a function of 𝑝𝑝 and 𝑇𝑇, i.e. the adsorbent 
has always the same property as the fully desorbed “dry” adsorbent: 
𝑍𝑍s(𝑋𝑋,𝑇𝑇, 𝑝𝑝) = 𝑍𝑍s(𝑋𝑋 = 0,𝑇𝑇,𝑝𝑝). 

2. The adsorbate is a “two dimensional phase” in equilibrium with the gas phase. 
This concept leads to two fundamental problems. First, not all adsorbents are truly 

inert. They might undergo structural changes und the influence of the adsorbate. While 
these changes might be small, their energetic effects can be important. With the 
assumption of an inert adsorbent, these non-inert properties of the adsorbent are 
attributed to the “adsorbed phase” with possibly irritating consequences, like negative 
heat capacities in the worst case (Schwamberger & Schmidt, 2013). Secondly, the term 
“phase” is difficult for the adsorbate as it does, e.g., not fulfil the homogeneity 
requirement of a phase in the thermodynamic sense (Baehr & Kabelac, 2009). This 
requirement implies that any intensive property should remain constant if phase is 
extended. However, if the adsorbed phase is extended (𝑚𝑚a2 > 𝑚𝑚a1), while the adsorbent 
mass is kept constant (𝑚𝑚s1 = 𝑚𝑚s2), the loading is changed (𝑋𝑋2 > 𝑋𝑋1) and thus the 
thermodynamic state of the systems. The “adsorbed phase” does not exist independently 
from the adsorbent. 

These problems are avoided by treating the adsorbate as an abstract “surface excess” , 
originally proposed by Gibbs in the 1870s (Rouquerol et al., 2014). This concept does not 
assume any microscopic model for the physical properties of an actual adsorbate. It 
defines an imaginary interface, the Gibbs dividing surface, of area 𝐴𝐴s, between the gas 
phase and the solid adsorbent, where the state variables of the gas phase are influenced 
in the vicinity. The influence vanishes for distances larger than 𝑧𝑧. The deviation from the 
gas properties are the surface excess quantities (index 𝜎𝜎). The surface excess is not any 
“phase” in the thermodynamic sense, nor is there anything like an excess volume (𝑉𝑉𝜎𝜎 =
0). E.g., for the concentration of the adsorbable species, the excess concentration is the 
difference between the total concentration (under adsorption influence) and the free gas 
concentration in equilibrium, but far away: 𝑐𝑐𝜎𝜎 = 𝑐𝑐 − 𝑐𝑐g. The excess mass, e.g., is 
expressed as integral along 𝑥𝑥, perpendicular to the interface:  

 
𝑚𝑚σ = 𝑀𝑀𝐴𝐴s � 𝑐𝑐σd𝑥𝑥

z

0
  (2) 
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The total mass adsorbed is the sum of the excess mass and the gas mass close to the 
interface: 

 
𝑚𝑚a = 𝑀𝑀𝐴𝐴s � �𝑐𝑐σ + 𝑐𝑐g�d𝑥𝑥

z

0
 (3) 

If 𝑧𝑧 is small and the pressure is low, the gas phase close to the interface may be 
neglected as 𝑐𝑐𝜎𝜎 ≫ 𝑐𝑐g, thus 𝑚𝑚a ≈ 𝑚𝑚𝜎𝜎. Rouquerol et al. suggest this approximation for 
pressures up to 1 bar, which is far above the pressure region of 0–100 mbar considered 
in this work. Thus, this approximation will be assumed in the following. For improved 
readability, the term “adsorbate” will often be used instead of “surface excess”. As the 
interface is imaginarily defined, the concept is still valid if defining and measuring a real 
surface becomes challenging, which is, e.g., the case for microporous adsorbent like 
zeolites or MOFs. 

An equilibrium thermodynamic description requires at least a thermal and a caloric 
equation of state (EOS), typically derived from fundamental equations. As, up to now, no 
consistent fundamental equations are available for the adsorbent–adsorbate system that 
would allow computing these EOS with sufficient accuracy (Aristov, 2012), these terms 
are little common in adsorption thermodynamics. The thermal EOS is rather referred to 
as adsorption equilibrium. And instead of a consistent caloric EOS, their derivatives, the 
differential adsorption enthalpy and specific heat capacity, are used and mostly 
described empirically based on direct measurements.  

2.1.1 Adsorption equilibrium 

The adsorption equilibrium describes the relationship between the three state variables 
pressure, temperature and loading. It is typically formulated as 𝑋𝑋 = 𝑓𝑓(𝑇𝑇,𝑝𝑝), as with the 
principal experimental methods either 𝑇𝑇 or – less popular – 𝑝𝑝 are kept constant. For the 
simplified description of these isotherms or isobars, the literature offers a variety of 
different theoretical approaches. Examples are the “Langmuir isotherm” (Langmuir, 
1918), the simplest and oldest model derived from the idea of a well-defined surface 
covered with an adsorbate monolayer, or the BET surface (Brunauer et al., 1938), which 
extends the Langmuir model for adsorbate multilayers, up to more complex models 
based on statistical thermodynamics, of which, e.g., a good overview is given by Llano-
Restrepo & Mosquera (2009). 

This work will focus on the “Dubinin approach”, as the most popular in the context of 
AHT (Aristov, 2012), and the Clausius–Clapeyron-based approach, which will be used 
later. These two approaches will be shortly presented in the following, while a detailed 
overview and discussion of the other different approaches can be found elsewhere 
(Velte, 2019). 

All these approaches have in common that they do not account for any hysteresis in 
the adsorption equilibrium as they assume uniqueness in the relation between loading, 
pressure and temperature. Although, hysteresis is commonly observed in adsorption 
equilibria, which is explained by different phenomena always associated to pore 
condensation (Kast, 1988). Pore condensation becomes relevant mostly at high relative 
pressures, e.g., for water adsorbed on activated carbons at 𝑝𝑝rel > 0.4 (Kast, 1988). As 
these high relative pressures are irrelevant to heat transformation applications, 
hysteresis is disregarded here in a first approximation. However, its existence cannot be 
fully excluded and should be verified experimentally. 
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Dubinin’s theory of volume filling of micropores 

For microporous adsorbents with pores sizes similar to the size of the guest molecules 
the concept of a “surface”, the basis of the classical Langmuir or BET models, becomes 
vague. This motivated Dubinin to develop the “Theory of Volume Filling of Micropores” 
(Dubinin, 1975). This theory initially aimed at describing the adsorption on nonpolar 
adsorbents like activated carbon and was then further extended to zeolites.  

In this framework, the equilibrium data is transformed from the bivariate 𝑋𝑋(𝑇𝑇,𝑝𝑝) to 
the univariate 𝑊𝑊(𝐴𝐴) with the adsorption potential 

 𝐴𝐴 = −𝑅𝑅𝑇𝑇 ln 𝑝𝑝rel (4) 

and the specific volume of the adsorbed phase 

 
𝑊𝑊 =

𝑋𝑋(𝑇𝑇, 𝑝𝑝)
𝜌𝜌a(𝑇𝑇,𝑋𝑋). (5) 

The basic idea is that the degree of filling of the pore volume, which is easier to assign for 
microporous adsorbents, replaces the notion of surface coverage. Dubinin found that for 
many materials in the 𝑊𝑊 over 𝐴𝐴 plot all data points were, within the measurement 
uncertainty, on a single curve, irrespective of the actual 𝑝𝑝 and 𝑇𝑇 conditions. This curve is 
known as the “characteristic curve” and may be derived theoretically from the 
assumption of the temperature invariance of 𝐴𝐴: (𝜕𝜕𝐴𝐴 𝜕𝜕𝑇𝑇⁄ )𝑊𝑊 = 0. This assumption and 
thus the coincidence of all equilibrium data points on one curve is a fundamental pre-
requisite for the Dubinin formalism as a tool for the reduction of experimental data. It is, 
however, only valid for non-polar adsorbents in small temperature ranges. 

Specific ansaetze have proven helpful to describe 𝑊𝑊(𝐴𝐴) with as little parameters as 
possible also to reduce the number of required experiments. The most popular are the 
Dubinin–Radushkevich (DR) equation 

 
𝑊𝑊 = 𝑊𝑊0 exp �− �

𝐴𝐴
𝛽𝛽𝐸𝐸�

2

� (6) 

and its generalisation, the Dubinin–Astakhov (DA) equation 

 
𝑊𝑊 = 𝑊𝑊0 exp �− �

𝐴𝐴
𝛽𝛽𝐸𝐸�

𝑚𝑚

�, (7) 

with three or four parameters, respectively. 
However, these equations are not well suited to represent a number of working pairs 

relevant to AHT. This lead to a “generalized Dubinin” (Núñez, 2001) with an arbitrary 
function for 𝑊𝑊(𝐴𝐴), e.g. the ratio of two polynomials, without claiming any physical 
meaning of the parameters. Since a long time, but contrary to the practical situation of 
Dubinin in the 1970s, the communication and evaluation of functions with ten or more 
parameters is not a disadvantage anymore. 
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Despite being “a rather crude approximation” (Dubinin & Astakhov, 1971) for 
adsorption on polar adsorbents over a wide temperature range, this approach has for its 
compactness become popular for modelling AHT (Aristov, 2012), including, e.g., 
adsorption on zeolites (Riffel et al., 2010; Wittstadt et al., 2015; Ammann et al., 2019) 
and MOFs (Kummer et al., 2017a; Lenzen et al., 2019). 

Clausius–Clapeyron Based Approach 

A more generic approach is based on the Clausius–Clapeyron equation 

 
�
𝜕𝜕𝑝𝑝
𝜕𝜕𝑇𝑇�𝑇𝑇

=
Δℎs(𝑋𝑋,𝑇𝑇)
𝑇𝑇�𝑣𝑣g − 𝑣𝑣a�

≈
Δℎs(𝑋𝑋,𝑇𝑇)

𝑅𝑅w
𝑝𝑝
𝑇𝑇2

 , (8) 

which is valid for any two phases in equilibrium as it is directly derived from the 
fundamental equilibrium criterion of equal Gibbs potentials (Baehr & Kabelac, 2009). 
For the second step in Eq. (8) ideal gas behaviour and the negligibility of the adsorbate 
volume (𝑣𝑣g ≫ 𝑣𝑣a) are assumed, which is both well-met for the case of this work. With the 
common transformation, the linear relation 

 
�
𝜕𝜕 ln � 𝑝𝑝𝑝𝑝0

�

𝜕𝜕 �− 1
𝑇𝑇�

�

𝑇𝑇

≈
Δℎs(𝑋𝑋,𝑇𝑇)

𝑅𝑅w
 (9) 

is obtained, which is the basis for creating Clausius–Clapeyron plots with ln(𝑝𝑝 𝑝𝑝0⁄ ) over 
− 1 𝑇𝑇⁄ .  

This allows to construct an isostere, i.e. a line of constant loading, from a single point 
if the differential adsorption enthalpy Δℎs(𝑋𝑋,𝑇𝑇) is known. This single point may, e.g., be 
obtained from a tabulated or (arbitrarily) fitted well known isotherm.  

This approach may be seen as a generalisation of the “thermodynamic approach” for 
the adsorption isotherm (Kast, 1988) that requires no specific assumption about the 
adsorbent. It has the advantage of being independent on any assumption about the 
physical nature of the adsorption mechanism. It is especially useful if Δℎs can be 
assumed constant.  

However, it is less compact compared to other methods and it requires knowledge of 
Δℎs. Moreover, if Δℎs may not be assumed constant, it is numerically useful only for 
computing 𝑝𝑝(𝑋𝑋,𝑇𝑇) and less for 𝑋𝑋(𝑝𝑝,𝑇𝑇) as here Δℎs(𝑋𝑋,𝑇𝑇) results in an implicit expression 
requiring iterative numerical solutions in most cases. Though for computer based 
calculations and in the context of AHT where thorough knowledge of Δℎs(𝑋𝑋,𝑇𝑇) must be 
given anyway, the advantage of precision and consistency seem to outweigh these 
drawbacks. If necessary, e.g. for detailed transient simulations, the numerically 
expensive solution of iterative expressions can be performed once to fill a detailed look-
up table, from where values are interpolated at the simulation runtime. 
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2.1.2 Adsorption enthalpy 

The description of changes in enthalpy associated with adsorption depends, especially, 
on the aforementioned issue of whether the adsorbent is treated as inert or not. As an 
alternative to the inert-adsorbent model the concept of surface excess properties was 
introduced above. While the latter is preferred here for its physical consistency, the 
following derivations will also be discussed in the context of the inert-adsorbent model – 
simply for its wide popularity in literature. 

To start with, consider the adsorbent–adsorbate system (Figure 1) with a constant 
mass of adsorbent 𝑚𝑚s, variable temperature 𝑇𝑇 and mass of adsorbate 𝑚𝑚a at a defined 
equilibrium pressure 𝑝𝑝(𝑋𝑋,𝑇𝑇) = 𝑝𝑝(𝑚𝑚a,𝑇𝑇). Then, the enthalpy change of the system is 

 d𝐻𝐻s+a = �
𝜕𝜕𝐻𝐻s+a
𝜕𝜕𝑇𝑇 �

𝑚𝑚s,𝑚𝑚a

d𝑇𝑇 + �
𝜕𝜕𝐻𝐻s+a
𝜕𝜕𝑚𝑚a

�
𝑚𝑚s,𝑇𝑇

d𝑚𝑚a (10) 

where, for the low pressure regime considered here, the enthalpy of the gas phase in the 
system can be neglected (Rouquerol et al., 2014). The gas mass is by several orders of 
magnitude smaller than the adsorbate or the adsorbent mass. The assumption of an 
inert adsorbent (𝜕𝜕𝐻𝐻s 𝜕𝜕𝑚𝑚a⁄ = 0) allows separating d𝐻𝐻s+a into an adsorbent part 

 d𝐻𝐻s = �
𝜕𝜕𝐻𝐻s
𝜕𝜕𝑇𝑇 �𝑚𝑚s

d𝑇𝑇 (11) 

and the enthalpy change of the adsorbate (Schwamberger & Schmidt, 2013): 

 d𝐻𝐻a = �
𝜕𝜕𝐻𝐻a
𝜕𝜕𝑇𝑇 �𝑚𝑚s,𝑚𝑚a

d𝑇𝑇 + �
𝜕𝜕𝐻𝐻a
𝜕𝜕𝑚𝑚a

�
𝑚𝑚s,𝑇𝑇

d𝑚𝑚a. (12) 

Without the inert-adsorbent assumption, this separation may also be done in theory 
but it is not helpful as 𝜕𝜕𝐻𝐻s 𝜕𝜕𝑚𝑚a⁄  may not be separated from 𝜕𝜕𝐻𝐻a 𝜕𝜕𝑚𝑚a⁄  experimentally. 

The temperature derivatives in Eqs. (10) and (12) refer to the heat capacity (Section 
2.1.3). The mass derivatives are the differential enthalpy of the adsorbent–adsorbate 
system ℎ�s+a = (𝜕𝜕𝐻𝐻s+a 𝜕𝜕𝑚𝑚a⁄ )𝑚𝑚s,𝑇𝑇 for a non-inert adsorbent, or the mass derivative is the 
differential enthalpy of the adsorbate ℎ�a = (𝜕𝜕𝐻𝐻a 𝜕𝜕𝑚𝑚a⁄ )𝑚𝑚s,𝑇𝑇 for an inert adsorbent 
(Rouquerol et al., 2014). Simplified and only for an inert adsorbent, ℎ�a may be seen as 
the specific enthalpy at the boundary to the gas phase, that decreases with 𝑋𝑋 towards the 
specific enthalpy of the free liquid phase ℎ′ (Kast, 1988), or, more general, the 
differential surface excess enthalpy. This differential state will be referred to as the 
differential adsorbed state in the following, denoted with an overbar. For the low 
pressures considered here, the effect of the adsorbate volume on the energy balance may 
be neglected, so that 𝐻𝐻a ≈ 𝑈𝑈a and thus ℎ�a = 𝑢𝑢�a may be assumed (Rouquerol et al., 2014). 

The differential adsorption enthalpy may then be written as 

 Δℎs = ℎg − ℎ�s+a (13) 
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or, for the inert adsorbent, as 

 Δℎs = ℎg − ℎ�a. (14) 

From the energy balance of the adsorbent–adsorbate system (Figure 1) follows, that 
in both cases Δℎs is equal to (−d𝑄𝑄), the amount of heat released by an open isothermal 
system (Figure 1) per infinitesimal mass d𝑚𝑚a changing from gas to adsorbed state (c.f. 
Appendix A.1).  

The quantity characterizing the adsorbate as a whole is the integral specific enthalpy 
of the adsorbate. It can be calculated for an inert adsorbent by isothermal integration: 

 
ℎa(𝑋𝑋,𝑇𝑇) =

𝐻𝐻a
𝑚𝑚a

=
1
𝑋𝑋
� ℎ�a(𝜒𝜒,𝑇𝑇)d𝜒𝜒
𝑇𝑇

0
. (15) 

Relation to the Adsorption Equilibrium 

For the equilibrium between the gas and the adsorbed phase the Clapeyron equation (i.e. 
assuming for the specific volumes: 𝑣𝑣g − �̅�𝑣a ≈ 𝑣𝑣g) may be applied without any further 
assumptions: 

 �
𝜕𝜕𝑝𝑝
𝜕𝜕𝑇𝑇�𝑇𝑇

=
Δℎs
𝑣𝑣g𝑇𝑇

. (16) 

This relates Δℎs to the isostere slope, which explains its designation as isosteric heat 
of adsorption, a term that is discouraged by IUPAC to strictly separate enthalpy and heat 
as state and process variables (Rouquerol et al., 2014). The differential adsorption 
enthalpy Δℎs is not to be confounded with the differential heat of adsorption, a term 
earlier used for Δ𝑢𝑢s = 𝑢𝑢g − (𝜕𝜕𝑢𝑢a 𝜕𝜕𝑚𝑚a⁄ )𝑚𝑚s,𝑇𝑇, i.e. the difference between the internal 
energy of the gas phase and the differential internal energy of the adsorbed phase (Clark, 
1970; Llano-Restrepo & Mosquera, 2009). 

Eq. (16) may be further simplified assuming an ideal gas (𝑣𝑣g = 𝑅𝑅w𝑇𝑇 𝑝𝑝⁄ ) to yield the 
Clausius–Clapeyron equation 

 �
𝜕𝜕𝑝𝑝
𝜕𝜕𝑇𝑇�𝑇𝑇

=
Δℎs𝑝𝑝
𝑅𝑅w𝑇𝑇2

 

�
𝜕𝜕 ln(𝑝𝑝 𝑝𝑝0⁄ )
𝜕𝜕𝑇𝑇−1

�
𝑇𝑇

=
Δℎs
𝑅𝑅w

 
(17) 

where 𝑝𝑝0 is a constant reference pressure, which is set by convention to 105 Pa. 
The deviation of 𝑣𝑣g between the IAPWS formulation (Wagner et al., 2000) and the 

ideal gas are below 0.3% for water under the operating conditions within the scope of 
this work (20 °C < 𝑇𝑇 < 80 °C, 𝑝𝑝rel < 0.5 and 𝑝𝑝 < 100 mbar). 

With the general relation between the state variables partial derivatives 
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 �
𝜕𝜕𝑋𝑋
𝜕𝜕𝑝𝑝�𝑇𝑇

�
𝜕𝜕𝑝𝑝
𝜕𝜕𝑇𝑇�𝑇𝑇

�
𝜕𝜕𝑇𝑇
𝜕𝜕𝑋𝑋�𝑝𝑝

= −1 (18) 

and Eq. (17), the differential adsorption enthalpy can be related to the slopes of the 
isotherm and the isobar which are experimentally directly available (c.f. Section 4.2.2.2): 

 
Δℎ𝑠𝑠 = −

𝑅𝑅w𝑇𝑇2

𝑝𝑝 �
d𝑋𝑋
d𝑇𝑇�𝑝𝑝

�
d𝑋𝑋
d𝑝𝑝�𝑇𝑇

−1

 (19) 
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𝑠𝑠g𝑠𝑠𝑠𝑠𝑠𝑠′𝑠𝑠a̅

𝑇𝑇Δ𝑠𝑠a̅′

 

Figure 2: Illustration of the Dubinin approach for the differential adsorbed state “a�”, and the adsorption 
enthalpy (Δℎs = 𝑇𝑇Δ𝑠𝑠a′ + Δℎv + 𝐴𝐴) in the 𝑇𝑇-𝑠𝑠-diagram for water at moderate temperatures (𝑇𝑇 < 100 °C) 

Relation to the Dubinin Formalism 

In the Dubinin formalism the adsorbed state is related to the saturated liquid at the 
adsorption temperature, as an arbitrary reference state. The adsorption enthalpy can be 
calculated as (Dubinin, 1975) 

 Δℎs = Δℎv + 𝐴𝐴 + 𝑇𝑇Δ�̅�𝑠a′ . (20) 

It is directly related to the adsorption potential 𝐴𝐴, the enthalpy of vaporisation 
Δℎv = ℎ′′ − ℎ′, and an “entropy term” 𝑇𝑇Δ�̅�𝑠a′ , as depicted in the 𝑇𝑇-𝑠𝑠-diagram (Figure 2). 

The adsorption potential 𝐴𝐴 is by definition the enthalpy difference between the 
unsaturated gas state “g” and the saturated vapour at adsorption temperature. This is 
equivalent to the work required for an reversible isothermal compression from 𝑝𝑝 to 
𝑝𝑝sat(𝑇𝑇). 
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In the “entropy term” of Eq. (20), Δ�̅�𝑠a′  is the difference between the saturated liquid at 
the adsorption temperature, and the differential entropy of the adsorbate �̅�𝑠a =
(𝜕𝜕𝑆𝑆a 𝜕𝜕𝑚𝑚a⁄ )𝑚𝑚s,𝑇𝑇. It is directly related to the temperature variance of 𝐴𝐴. This follows from 
Gibb’s fundamental equation, and the definition of 𝐴𝐴 = �̅�𝑔a − 𝑔𝑔′, as the difference 
between the differential Gibb’s free energy of the adsorbate and the specific Gibb’s free 
energy of the saturated liquid (Dubinin, 1975): 
 

 Δ�̅�𝑠a′ = 𝑠𝑠′ − �̅�𝑠a = −�
𝜕𝜕𝐴𝐴
𝜕𝜕𝑇𝑇�𝑇𝑇

 (21) 

Note that here Δ�̅�𝑠a′  is differently defined and corresponds to �–Δ𝑆𝑆� in Dubinin’s work. 
For the case of a temperature-invariant characteristic curve, (𝜕𝜕𝐴𝐴 𝜕𝜕𝑇𝑇⁄ )𝑊𝑊 = 0, this 

simplifies to (Dubinin, 1975; Núñez, 2001) 

 Δ�̅�𝑠a′ = −𝛼𝛼 �
𝜕𝜕𝐴𝐴

𝜕𝜕 ln𝑊𝑊� (22) 

where 𝛼𝛼 is the thermal coefficient of limiting adsorption. As 𝛼𝛼 is mostly unknown, it may 
be approximated by the thermal coefficient of the saturated liquid at adsorption 
temperature. In this case, and especially for a step-like isotherm where 𝜕𝜕𝐴𝐴 𝜕𝜕 ln𝑊𝑊⁄  
becomes small, 𝑇𝑇Δ�̅�𝑠a′  is below the order of 1% of Δℎv, and can be neglected. In this case 
𝑠𝑠a ≈ 𝑠𝑠′ and Eq. (20) reduces to the simple Dubinin approximation 

 Δℎs = Δℎv + 𝐴𝐴. (23) 

While being well confirmed for many classical adsorbents (Aristov, 2012), the 
temperature invariance is not well met for, e.g., SAPO-34 with water, which is a much 
investigated working pair for adsorption heat transformation. Already small deviations 
from the temperature-invariance conditions have important consequences on the 
adsorption enthalpy, at least for water: At 300 K, 𝑇𝑇Δ�̅�𝑠a′  reaches 0.8 kJ/kg (this is 10% of 
Δℎv) already when 𝐴𝐴 deviates by just 8 kJ/kg over a temperature difference of 10 K. For 
the 𝑝𝑝rel range of 0.1–0.3, which is common for heat transformation applications, this 
equates to a relative deviation of 2.5%–4.9% in 𝐴𝐴 over 10 K. Thus, the deviation may 
easily be hidden by the measurement uncertainty of uptake experiments, unless 
isotherms over a wide temperature range are considered. In this case it does especially 
not make sense to take into account Eq. (22), as this corrects a tiny deviation, while the 
major effect of the unmet temperature invariance is missed. 

2.1.3 Specific heat capacity 

The heat capacity of the adsorbent–adsorbate system (Figure 1) may be defined as 

 𝑐𝑐𝑝𝑝,s+a(𝑇𝑇,𝑋𝑋) =
1
𝑚𝑚s

 �
𝜕𝜕𝐻𝐻s+a
𝜕𝜕𝑇𝑇 �

𝑚𝑚s,𝑚𝑚a

. (24) 
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For convenience 𝑐𝑐𝑝𝑝,s+a is referred to the adsorbent dry mass, which is constant 
throughout the process. The total mass specific heat capacity is (1 + 𝑋𝑋)−1𝑐𝑐𝑝𝑝,s+a. 

For an inert adsorbent this may be further differentiated into  

 𝑐𝑐𝑝𝑝,s+a(𝑇𝑇,𝑋𝑋) = 𝑐𝑐𝑝𝑝,s(𝑇𝑇) + 𝑋𝑋𝑐𝑐𝑝𝑝,a(𝑇𝑇,𝑋𝑋) (25) 

with the heat capacity of the adsorbent, and of the adsorbate: 

 𝑐𝑐𝑝𝑝,s(𝑇𝑇) =
1
𝑚𝑚s

�
𝜕𝜕𝐻𝐻s
𝜕𝜕𝑇𝑇 �𝑚𝑚s

 

𝑐𝑐𝑝𝑝,a(𝑇𝑇,𝑋𝑋) =
1
𝑚𝑚a

�
𝜕𝜕𝐻𝐻a
𝜕𝜕𝑇𝑇 �𝑚𝑚s,𝑚𝑚a

. 
(26) 

This assumption allows using a single value of 𝑐𝑐𝑝𝑝,s, e.g. from a measurement at 𝑋𝑋 = 0, 
for the whole loading range. The heat capacity of the adsorbate must then be 
approximated, e.g. by the properties of the adsorptive (Velte et al., 2017), of bulk water 
(Graf et al., 2016; Ammann et al., 2019), or calculated from the adsorption enthalpy 
through the energy balance. For the latter Schwamberger and Schmidt (2013), building 
upon work from Walton an LeVan (2005), relate the specific heat capacity to the specific 
heat capacity of the gas and the temperature dependency of the differential adsorption 
enthalpy, both averaged over the isotherm: 

 
𝑐𝑐𝑝𝑝,a =
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𝑋𝑋
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𝜕𝜕ℎg(𝑝𝑝(𝜒𝜒,𝑇𝑇),𝑇𝑇)
𝜕𝜕𝑇𝑇

�
𝜒𝜒
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𝜕𝜕𝑇𝑇
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𝜒𝜒
�d𝜒𝜒

𝑇𝑇

0
. (27) 

Which can be derived from Eq. (26) with the definition of the differential adsorption 
enthalpy Eq. (14) and the integral specific enthalpy of the adsorbate Eq. (15). For the 
case of an ideal gas, where ℎg only depends on temperature, this simplifies to  
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(28) 

where in the last step it was made use of a special case of Leibniz's rule as 𝑋𝑋 is 
independent of 𝑇𝑇. In Eq. (28) 1

𝑇𝑇 ∫ Δℎs(χ, T)d𝜒𝜒𝑇𝑇
0  is the integral adsorption enthalpy. This 

illustrates the analogy to a single component with ideal gas and incompressible liquid, 
where 𝑐𝑐𝑝𝑝,l = 𝑐𝑐𝑝𝑝,g − 𝜕𝜕Δℎv 𝜕𝜕𝑇𝑇⁄ .  

A simple mean to ensure a consistent energy balance in modelling, is to neglect the 
temperature dependency of the adsorption enthalpy (integral or differential), as this 
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yields 𝑐𝑐𝑝𝑝,a = 𝑐𝑐𝑝𝑝,g. Using the heat capacity of bulk water for 𝑐𝑐𝑝𝑝,a, and a temperature-
invariant adsorption enthalpy, necessarily leads to an inconsistent energy balance as Eq. 
(27) is violated. The practical problem of using Eqs. (27) or (28) is the high uncertainty 
associated to 𝜕𝜕Δℎs 𝜕𝜕𝑇𝑇⁄  from either experimental data or theoretical considerations. This 
can lead to 𝑐𝑐𝑝𝑝,a having rather a compensatory function, to ensure consistent energy 
balances with imperfect assumptions for Δℎs (e.g. from an assumed temperature 
invariance of the characteristic curve, c.f. Section 2.1.2), than an actual physical meaning 
(Schwamberger & Schmidt, 2013). From this point of view, appropriate measurements 
of 𝑐𝑐𝑝𝑝,a, that then may be used to derive the temperature dependency of Δℎs, are expected 
to be more robust in terms of uncertainty. 

Based on calorimetric measurements, Vučelić & Vučelić (1983) found strongly 
temperature dependent results for 𝑐𝑐𝑝𝑝,a, for fully saturated samples of silica gel, activated 
carbon, and CaA-zeolite. The values were close to those of ice, for lower temperatures, 
and close to those of bulk water, for higher temperatures. 

Beyond the adsorbent–adsorbate system, the specific heat capacities of all other 
materials that undergo temperature changes, like binders, additives, or the heat 
exchanger support structure, are relevant to design and operation of adsorption heat 
transformers. For these truly inert materials no special adsorption-related attention is 
required. 

2.1.4 Measurement methods 

Overviews about the experimental approaches to adsorption equilibrium and adsorption 
enthalpy are, e.g., given by Rouquerol et al. (2002; 2014).  

Adsorption equilibrium 

Adsorption equilibrium is most commonly measured as adsorption isotherms. The 
amount adsorbed is either determined manometrically, through the measurement of the 
pressure in a calibrated control volume, or directly gravimetrically. For historical reasons 
the manometry is still often referred to as volumetry. 

For adsorption manometry, a material sample is placed in a glass adsorption cell, and 
connected to a temperature controlled vacuum setup with the calibrated volume, which 
also serves as manifold to the pressure transducer(s), a vacuum pump and an adsorptive 
reservoir. The adsorption bulb is typically placed in a temperature controlled bath, or, for 
nitrogen measurement, in a liquid nitrogen filled dewar. After initial degassing under 
vacuum at high temperatures, adsorptive is successively dosed in until equilibrium is 
reached. The change in the amount adsorbed is calculated based on the thermal 
equation of state of the adsorptive and the mass balance of the calibrated volume, and 
the total uptake by cumulating all changes. Once a set maximum relative pressure, 
typically close to 1, is reached, the desorption branch is measured by successively dosing 
adsorptive out of the adsorption cell. This approach has become the standard method for 
adsorption characterisation with automated devices commercially available from several 
manufacturers. Though seemingly simple to operate, leak-tightness must be ensured and 
appropriate sample size and equilibration criteria chosen. The incremental procedure 
results in a high resolution of the isotherm to the cost of an accumulation of 
uncertainties during a measurement. Alternatively, configurations with reservoir and 
double pressure measurement allow for measuring specific points of the isotherm with 
low measurement uncertainty (Rouquerol & Rouquerol, 2014). 
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Adsorption gravimetry is a special kind of thermogravimetry (TG), that may be 
conducted either “open” under atmospheric pressure, with the adsorptive mixed to a 
non-adsorbing carrier gas, e.g. humidified nitrogen, or closed under a pure adsorptive 
atmosphere, i.e. under vacuum conditions for water adsorption. A comparison with 
many practical considerations for water adsorption measurements can, e.g., be found in 
Henninger (2008). The adsorbent is placed in a crucible hanging on a microbalance. The 
concept is not limited to isothermal measurements, but may be employed for isobaric 
measurements, or the simulation of any application relevant pressure and temperature 
condition. In principle, closed loop control would also allow measurements with defined 
loading, e.g. isosteres, although this is not common. Both, open and closed TG, are 
established methods with automated devices commercially available, although more so 
for the open TG. Practically, the humidity control and measurement required for open TG 
may pose problems, especially for very low partial pressures (Henninger, 2008). For 
closed TG temperature control can be a critical point, given the extremely low thermal 
contact of a sample hung in a vacuum environment. This may also lead to very long 
equilibration times, or low equilibrium quality. 

Commercially available devices for manometrical or gravimetrical adsorption 
measurements are designed for samples in form of granules or powders in the 10–
100 mg scale. 

Adsorption enthalpy 

Adsorption enthalpy may either be calculated from adsorption equilibrium 
measurement results, or directly measured calorimetrically. Calculation is based on 
interpolating several points of the same isostere from isobars and isotherms and 
application of the Clausius–Clapeyron equation (Eq. (17), p29) on the slope derived by 
the linear regression. This relatively simple method relies on the quality of the initial 
adsorption equilibrium, the interpolation precision, and a sufficiently large temperature 
difference for the significance of the linear regression, which contradicts a high 
temperature resolution. The calculation of adsorption enthalpy may be implemented as 
automatic procedure in commercially available manometric adsorption measurement 
devices. 

Calorimetric measurements of adsorption enthalpy are less reported in literature 
than equilibrium measurement. The state of the art method is experiments based on 
isothermal (a.k.a. static) microcalorimeters (Fubini, 1988; Handy et al., 1993; Rouquerol 
& Rouquerol, 2014) with heat-flowmeters based on principles first described by Tian 
(1923) and later improved by Calvet and Prat (1963). These Tian–Calvet thermopiles 
completely encapsulate a measurement cell with up to 1000 thermocouples allowing for 
precise heat flow measurements, even for the relatively large measurement cells that are 
required to provide reversible sealing and a vacuum connection necessary for 
adsorption experiments. Typically, two measurement cells are used with thermopiles 
connected in differences. This differential assembly allows for measuring the difference 
between the heat flows to a surrounding thermostat of a measurement and a reference 
cell. For sample pre-conditioning and uptake measurement, the cells need to be 
connected to an appropriate manometric adsorption measurement apparatus. With this 
approach, e.g., Jänchen et al. (2005) have determined differential adsorption enthalpies 
as a function of loading for water on LiLSX, SAPO-34 and CaCl2 impregnated attapulgite 
meant for thermochemical heat storage.  

A slightly different method is the differential scanning calorimetry coupled with a 
thermogravimetric device (TG-DSC). With this method, the measurement plate of a DSC 
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may be either hanging with the sample on a microbalance, or embedded in a tube 
surrounding a freely hanging crucible. Microbalance and DSC are both exposed to the 
atmosphere conditioned for the experiment, typically at ambient pressure (i.e. open TG). 
This method is more versatile and involving less experimental effort but less precise 
(Pires et al., 2000). The same restrictions apply as for TG measurements. TG-DSC is 
described as a fast method for screening purposes (Jänchen et al., 2005) with less 
information about the loading dependency of the differential adsorption enthalpy (Pires 
et al., 2000). 

Recently, a group at the University of Duisburg-Essen developed a sensor gas 
calorimeter (Bläker et al., 2016; Bläker et al., 2017) to replace the complicated 
thermopiles of the Tian–Calvet microcalorimeter. For this approach, the adsorption and 
reference cell are embedded in two gas-filled containers, which are immerged in a 
temperature controlled bath. The pressure in both containers is measured and its 
temporal evolution calibrated to the heat released during adsorption. 

Specific Heat Capacity 

The measurement of the heat capacity of the adsorbent–adsorbate is often limited to the 
dry adsorbent (Brancato et al., 2015; Uddin et al., 2018), while loading dependent 
measurements are rarely found in literature. Heat capacity measurements of the loaded 
adsorbent are challenging due to bias from ad- or desorption processes. To reduce this 
effect, adsorbent samples may be conditioned to a set loading and hermetically sealed 
with as little void volume as possible (Aristov et al., 1997; Cacciola et al., 1998; Aristov, 
2012). 

The heat capacity may then be measured by DSC, where a measurement cell is 
embedded in a tightly temperature controlled block. Typical DSC measurement cells are 
equipped with a single thermocouple between a sample and a reference crucible instead 
of a complex Tian-Calvet thermopile. Given that calibration routines are carried out 
repeatedly, this simple approach allows precise measurement of the heat flow into the 
sample. This is possible, due to small and well defined crucibles. The differential 
configuration, with two identical crucibles, ensures that the heat flow component 
resulting from the heat capacity of the crucibles is cancelled out. The specific heat 
capacity is deduced from the measured heat flow applying the energy balance of the 
adsorbent–adsorbate system (c.f. Appendix A.1) under controlled temporal evolution of 
the thermostat temperature, which is either a constant temperature slope (referred to as 
“heating rate”) or a step-wise temperature change. The actual sample temperature is 
unknown and may, especially for large temperature slopes, deviate considerably from 
the thermostat temperature. This temperature lag is avoided in the step-wise mode. 

With this approach Aristov et al. (1997) measured the specific heat capacity of a CaCl2 
impregnated silica gel at nine different loadings in the range of 0–0.41 kg/kg for the 
temperature range of 40–110 °C, and Cacciola et al. (1998) for the specific heat capacity 
of 4A zeolite at 0.01–0.20 kg/kg and 40–115 °C. The same method was used later on 
SWS-8L (Ca(NO3)2-impregnated silica) with water in the loading and temperature range 
of 0–0.25 kg/kg and 20–100 °C, respectively (Freni et al., 2012).  

For reduction of the temperature and loading dependent data, this empirical fit has 
proven useful (Aristov, 2012): 

 𝑐𝑐𝑝𝑝,s+a(𝑇𝑇,𝑋𝑋) = (𝑎𝑎0 + 𝑎𝑎1𝑋𝑋 + 𝑎𝑎2𝑋𝑋2) + (𝑏𝑏0 + 𝑏𝑏1𝑋𝑋 + 𝑏𝑏2𝑋𝑋2)𝑇𝑇. (29) 
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The specific heat capacity of the adsorbate can only be deduced from Eq. (25) by 
assuming an inert adsorbent (𝜕𝜕𝐻𝐻𝑠𝑠 𝜕𝜕𝑚𝑚a⁄ = 0): 

 𝑐𝑐𝑝𝑝,a(𝑇𝑇,𝑋𝑋) =
1
𝑋𝑋
�𝑐𝑐𝑝𝑝,s+a(𝑇𝑇,𝑋𝑋) − 𝑐𝑐𝑝𝑝,s(𝑇𝑇)�. (30) 

Here 𝑐𝑐𝑝𝑝,s(𝑇𝑇) is the measured specific heat capacity of the dry adsorbent. Explorative 
application of Eq. (30) on available literature data yields, e.g. 𝑐𝑐𝑝𝑝,a ≈ 5.5 kJ/(kg K) for 
water on CaCl2 impregnated silica gel (Aristov et al., 1997), or 𝑐𝑐𝑝𝑝,a ≈ 4.6–5.4 kJ/(kg K) 
for 4A zeolite (Cacciola et al., 1998), which is substantially larger than the values from 
the liquid or gas state (i.e. about 4.2 or 1.9 kJ/(kg K), respectively), which are typically 
assumed for 𝑐𝑐𝑝𝑝,a (c.f. Section 2.1.3). 

Further, a low temperature vacuum adiabatic calorimeter was used to study the heat 
capacity of CaCl2 impregnated silica gel in the temperature range of 6–300 K at two 
water loadings: 0 mol/mol and 2.04 mol/mol (Aristov et al., 2011). This approach is 
especially suited for addressing fundamental questions related to the behaviour close to 
absolute zero, while it remains of limited relevance for engineering purposes. 

2.2 Adsorption Dynamics 

In addition to the thermodynamic equilibrium properties, information about the 
dynamics of the adsorption process is crucial for any technical application. In AHT the 
overall dynamics are a result of the interplay between the different components, 
typically the Ad-HX, and the evaporator or condenser. The adsorption dynamics cover 
the processes occurring in the Ad-HX.  

Intrinsic adsorption kinetics, the process of microscopically-local changes between 
the gas and the adsorbed state, occur at a time scale orders of magnitude faster than any 
processes visible at macroscopic scale (Kärger et al., 2012). Thus, adsorption dynamics 
relevant to any AHT application are entirely determined by heat and mass transfer 
phenomena and their interplay with external boundary conditions and the 
thermodynamics equilibrium. 

These heat and mass transfer phenomena are transient due to the cyclic operation, 
strongly coupled through the adsorption equilibrium and typically highly non-linear. 
Unlike for most adsorption applications, the thermal effects are the fundamental 
motivation for any AHT application. Thus, the heat transfer is an inherent and possibly 
dominant part of the adsorption dynamics, which needs to be assessed in detail, and the 
otherwise common assumption of an iso-thermal system is impossible. 

For technical applications, adsorbents need to be shaped, either as granules, as 
binder-based coating, or through direct synthesis on the Ad-HX surface. This shape and 
the resulting heterogeneous geometry on microscopic and macroscopic scale are as 
important determinants for the overall adsorption dynamics as the local transport 
coefficients (diffusivities, thermal conductivities). While the latter are material 
properties, the lumped transfer coefficients are not, since they are only valid for a 
specific geometrical configuration. Moreover, for heterogeneous materials it might be 
necessary to define effective transport coefficients, which are material properties of, e.g., 
composite materials, valid only for a specific composition. 
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The model of an adsorption process in a composite material with microporous 
adsorbent particles embedded into some kind of macroscopic arrangement (composite 
matrix, granular bed) consists of several mass and heat transfer steps: 

1. Diffusion through the macropores of the macroscopic arrangement 
2. Entry into the micropores of the adsorbent 
3. Diffusion through the micropores of the adsorbent 
4. Conduction of the heat that was released by the adsorption through the 

adsorbent 
5. Heat conduction through the macroscopic arrangement 
6. Heat conduction in the heat exchanger structure and, eventually, heat transfer 

to a heat transfer fluid (HTF) on the secondary side of the Ad-HX 
These processes are typically temperature, loading or pressure dependent. Further, 

the heat transfer and the mass transfer are tightly coupled through the adsorption 
equilibrium. The transient equations used for the respective models are the heat 
equation and the diffusion equation, as will be detailed in the following. 

2.2.1 Heat transfer 

Heat transfer in adsorption processes may be modelled in different levels of detail, 
depending on the actual configuration and the resolution required for the specific 
question.  

It consists of heat conduction in different materials, contact resistances, convective 
heat transfer in the gas phase and the heat exchanger fluid, and radiative heat transfer. 
Convective and radiative heat transfers in the gas phase are negligible, given the low 
density and the low temperature level as well as the small temperature differences 
considered here.  

Contact resistances result from heat transfer through the gas phase on microscopic 
level. It depends on the comparably low thermal conductivity of the gas phase, which 
may be superimposed by an additional effect: For the low pressure conditions of water 
based systems, the small gas filled cavities may easily have similar dimensions as the 
water molecule’s mean free path. At the typical application condition range of 1–10 kPa 
and 10–100 °C the mean free path of water is in the range of 0.4–5 µm. For this setting 
the pressure independence of the gas thermal conductivity is lost and a Knudsen effect 
needs to be taken into account. The concept of thermal conductivity becomes 
inapplicable and the heat transfer decreases considerably depending on the gas pressure 
and temperature (Kaganer, 1969). As the information about the microgeometry, required 
in order to model this effect in detail, are typically not available, the Knudsen effect is 
included in (𝑝𝑝 and 𝑇𝑇 dependent) effective parameters at higher levels. 

The simplest, and – apart from assuming isothermal conditions – most popular way to 
model heat transfer in the adsorption context is to assume a single adsorbent 
temperature varying in time but not in space (Yong & Sumathy, 2002). With this lumped 
heat transfer approach, the energy balance of the adsorbent writes 

 𝑚𝑚𝑐𝑐𝑝𝑝
𝜕𝜕𝑇𝑇s
𝜕𝜕𝑡𝑡

= 𝑈𝑈𝐴𝐴(𝑇𝑇0 − 𝑇𝑇s) + Δℎs𝑚𝑚s
𝜕𝜕𝑋𝑋
𝜕𝜕𝑡𝑡

, (31) 

where 𝑈𝑈𝐴𝐴 summarises any heat transfer between the ambient (e.g. a heat exchanger 
surface) at 𝑇𝑇0, and the average adsorbent at 𝑇𝑇s, i.e. the effective heat conduction in the 
adsorbent/adsorbent composite, and any contact resistance in between or to a heat 
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exchanger surface. The source term couples the heat transfer to the loading change with 
the implicit assumption that the adsorptive enters the adsorbent already at 𝑇𝑇s. Even if 
the adsorptive enters at 30 K less, like e.g. in a chiller application, the associated error is 
just of about 2%, for water as a refrigerant. 

If the uncertainty associated with the assumption of an uniform adsorbent 
temperature becomes too large, the heat transport is discretised in space with Fourier's 
law: 

 𝜌𝜌𝑐𝑐𝑝𝑝
𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝑡𝑡

= ∇(𝜆𝜆∇𝑇𝑇) + 𝜌𝜌sΔℎs
𝜕𝜕𝑋𝑋
𝜕𝜕𝑡𝑡

. (32) 

Here 𝜌𝜌 and 𝑐𝑐𝑝𝑝 have the same mass reference, as well as 𝜌𝜌s and 𝑋𝑋. Generally, all 
parameters have a temperature and loading dependency, which may be neglected for the 
densities. To some extent, this assumption may also be made for the thermal 
conductivity 𝜆𝜆 and the differential adsorption enthalpy Δℎ𝑠𝑠, though not for 𝑐𝑐𝑝𝑝, which 
even in the simplest model depends on 𝑋𝑋 (c.f. Eq. (25), p32). Together with the effect of 
the adsorption equilibrium, this makes the heat transfer per se to a non-linear problem 
unless the loading and temperature variations are kept small, unlike under application 
conditions. For the heterogeneous structures considered for AHT, like granular beds or 
any kinds of composites, the thermal conductivity 𝜆𝜆 is an effective quantity, taking into 
account the geometry, the conductivities of the different constituents, and any contact 
resistances in between. As such, it is not a material property of the adsorbent.  

Through the source term, the discretised heat transfer in combination with a mass 
transfer model also accounts for a special kind of heat pipe effect: Adsorbate is desorbed 
(“consuming” heat) at one place in the composite, transferred to another place and 
directly adsorbed (“releasing” heat) there. 

As opposed the lumped case, a contact resistance 𝑅𝑅 to a heat exchanger wall at 𝑥𝑥0 
needs to be considered separately through a Cauchy boundary condition 

 
−𝜆𝜆

𝜕𝜕𝑇𝑇(𝑥𝑥0)
𝜕𝜕𝑥𝑥

= −ℎ(𝑇𝑇(𝑥𝑥0) − 𝑇𝑇0) (33) 

where ℎ = 1 𝑅𝑅⁄  is the contact heat transfer coefficient, and 𝑥𝑥 is the direction normal to 
the boundary. 

The decision whether the discretised heat transfer model is meaningful may be made 
based on the Biot number 

 Bi =
ℎ𝑑𝑑
𝜆𝜆

, (34) 

here for a plane composite layer with thickness 𝑑𝑑. For Bi ≪ 1 the lumped heat transfer 
model with ℎ = 𝑈𝑈 is sufficient and discretisation does not yield any advantage. 

The heat transfer in the massive parts of an Ad-HX may be treated as in any other 
engineering application. However, due to the low pressure regime, contact resistances 
that are negligible at atmospheric pressure, may become relevant due to the Knudsen 
effect described above. 
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The Buckingham 𝜋𝜋 theorem (Buckingham, 1914) may be applied in order to reduce 
data on the heat transfer in adsorbent composites to a set of dimensionless numbers, 
similar to convective heat transfer. This approach was applied to reduce 4-dimensional 
FEM-simulation results for the heat transfer between a monolayer pellet bed and a flat 
surface to a 2-dimensional relation of dimensionless numbers (Laurenz et al., 2014). 

2.2.2 Mass transfer 

Mass transfer in combination with adsorption occurs on different, interconnected levels 
with accordingly different mechanisms as enumerated above. These diverse transfer 
processes may be classified into several distinct categories such as the macropore 
diffusion in the voids between the adsorbent particles and the micropore diffusion 
inside the adsorbent. In addition, the viscous flow in a super structure at larger scale, e.g. 
between the HX fins, and local mass transfer resistances at surfaces, e.g. through a 
barrier layer of inert gas, or through an adverse structure at the “pore mouth” on the 
adsorbent outer surface, need to be taken into account. 

While thorough overviews about these processes in general (Kärger et al., 2012) and 
for AHT with water as refrigerant, (Füldner, 2015) are available elsewhere, in the 
following some basic considerations for the two mayor transport cases, the macropore 
and the micropore diffusion, and the transfer through a barrier resistance are 
summarised. These two domains are characterised by their pore size relative to the size 
of the guest molecule (𝑑𝑑H2O = 0.3 nm). The macropores are orders of magnitude larger 
(𝑑𝑑P > 50 nm), so that surface effects (mobility of the adsorbate) may be neglected and 
only the gas flow is relevant. On the other hand, the micropores are in the same order of 
magnitude as the size of the guest molecule, thus, the notion of a gas phase is 
meaningless. The transition between these two cases, the mesoporous region, may be 
approximated by superimposition (Füldner, 2015). However, this transitional region is 
irrelevant for the cases handled in this work consisting of microporous adsorbents in a 
macroporous superstructure. 

Macropore diffusion 

The mass transfer under confined conditions, like through a porous structure, may be 
classified based on the Knudsen number, the ratio between the molecules mean free 
path 𝜆𝜆MFP and the pore diameter 𝑑𝑑p: 

 Kn =
𝜆𝜆MFP
𝑑𝑑p

. (35) 

For a straight cylindrical pore and approximately for any other complex pore geometry, 
the transfer regimes are classified as follows (Bathen & Breitbach, 2001): 

Kn < 0.001 Viscous flow 
0.001 < Kn < 1 Slip and transitional flow  
1 < Kn Free molecular flow (pure Knudsen diffusion) 

For the viscous flow, the fluid may be treated as continuum with no-slip conditions at 
the boundaries as the molecule–molecule interactions dominate. For the slip and 
transitional flow, the molecule–wall interaction become relevant, resulting in gradually 
rising slip boundary conditions. Here, viscous flow and Knudsen diffusion are 
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superimposed to the Knudsen flow. Finally, for the pure Knudsen diffusion, the 
molecule–molecule interactions and, thus, the idea of a continuum flow completely 
vanish. 

At the conditions in the context of this work (water vapour at 1–10 kPa and 10–
100 °C) 𝜆𝜆MFP is in the range of 0.4–5 µm (see above), with 𝜆𝜆~𝑇𝑇 and 𝜆𝜆~𝑝𝑝−1. Thus, for 
pores sizes above 0.5 mm, the viscous flow is the only relevant mechanism. In practice, 
this applies, e.g., to all macroscopic vapour channels in the mm-range and above. In 
smaller pores both, viscous flow and Knudsen diffusion, need to be considered, at least 
for some 𝑝𝑝,𝑇𝑇-conditions, while for pores below 0.04 µm the viscous flow becomes totally 
irrelevant. 

The viscous flow can be described with the Hagen–Poiseuille equation, a particular 
solution of the Navier–Stokes equations (Kast, 1988), where the volume flow �̇�𝑉 = �̇�𝑚 𝜌𝜌⁄  is 
proportional to the pressure gradient ∇𝑝𝑝, thus: 

 
�̇�𝑚vis = −𝐴𝐴P

𝜌𝜌
𝜂𝜂

𝑑𝑑P2

32𝜇𝜇vis
∇𝑝𝑝. (36) 

Parameters are the pore cross section 𝐴𝐴P, the dynamic viscosity 𝜂𝜂 and the tortuosity 
applicable to the viscous flow 𝜇𝜇vis. The latter designates the length of the actual flow 
path through a winding pore structure compared to that of a straight cylindrical pore. 

For the Knudsen diffusion, the molar flow is proportional to the concentration 
gradient in the gas phase ∇𝑐𝑐g: 

 �̇�𝑛Kn = −𝐴𝐴P𝐷𝐷Kn∇𝑐𝑐g 

= −𝐴𝐴P
4
3
𝑑𝑑P
𝜇𝜇Kn

�𝑅𝑅𝑇𝑇
2𝜋𝜋

∇𝑐𝑐g. 
(37) 

Here, 𝐷𝐷Kn is the Knudsen diffusion coefficient and 𝜇𝜇Kn the tortuosity applicable to the 
Knudsen diffusion. 

For the slip flow and transitional regime, both flows are superimposed to 

 �̇�𝑛 = �̇�𝑛Kn + �̇�𝑛vis. (38) 

Formally, also the viscous flow can be expressed as a diffusion equation with a “viscous 
diffusion coefficient” 𝐷𝐷vis (Laurenz, 2012): 

 �̇�𝑛 = −𝐴𝐴P𝐷𝐷vis∇𝑐𝑐g 

= −𝐴𝐴P �
𝑝𝑝
𝜂𝜂

𝑑𝑑P2

32𝜇𝜇vis
�𝑰𝑰 +

∇𝑇𝑇
𝑇𝑇
�
∇𝑐𝑐g
𝑐𝑐g
�
−1

��∇𝑐𝑐g, (39) 

Unfortunately, the effect of the temperature on the density leads to an undesirable 
dependency of 𝐷𝐷vis on the concentration gradient itself. However, this allows 
summarising both effects as 
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 �̇�𝑛 = −𝐴𝐴P𝐷𝐷eff∇𝑐𝑐g (40) 

with an effective diffusion coefficient 

 𝐷𝐷eff = 𝐷𝐷Kn + 𝐷𝐷vis 

=
4
3
𝑑𝑑P
𝜇𝜇Kn

�𝑅𝑅𝑇𝑇
2𝜋𝜋

+
𝑝𝑝
𝜂𝜂

𝑑𝑑P2

32𝜇𝜇vis
�𝑰𝑰 +

∇𝑇𝑇
𝑇𝑇
�
∇𝑐𝑐g
𝑐𝑐g
�
−1

� 

≈
4
3
𝑑𝑑P
𝜇𝜇Kn

�𝑅𝑅𝑇𝑇
2𝜋𝜋

+
𝑝𝑝
𝜂𝜂

𝑑𝑑P2

32𝜇𝜇vis
. 

(41) 

For the conditions considered in this work, the common assumption (Füldner, 2015) is 
made that the impact of the temperature gradient is negligible (∇𝑇𝑇 𝑇𝑇⁄ ≪ ∇𝑐𝑐g 𝑐𝑐g⁄ ), 
allowing for a linearization of Eq. (61) with a constant 𝐷𝐷eff for a small temperature and 
pressure range. 

Micropore diffusion 

For the mass transfer in the micropores with 𝑑𝑑P < 2 nm (Rouquerol et al., 1994), the 
notion of a gas flow, be it individual molecules or a continuous phase, loses significance, 
as the molecular diameter (0.3 nm for water) has the same order of magnitude. All 
adsorbable molecules are within the direct influence of the adsorbent surface, i.e. in 
adsorbed state. The mass transfer effect in this, in our case crystalline, domain is 
referred to as surface diffusion or adsorbate diffusion with the chemical potential 𝜇𝜇 as the 
driving force, which is related to the concentration of the adsorbate 𝑐𝑐a with assumption 
of an ideal vapour phase in equilibrium (Kärger et al., 2012). Assuming isothermal 
conditions, the molar flux in the micropores is 

 �̇�𝑛 = −𝐴𝐴P𝐷𝐷mi∇𝑐𝑐a (42) 

where 𝑐𝑐a is related to the micropore volume. Given the size of the adsorbent crystals 
(few µm), their thermal conductivity and the heat fluxes considered here, temperature 
gradients on this scale are negligible.  

The mass balance of the micropore leads to the diffusion equation 

 𝜕𝜕𝑐𝑐a
𝜕𝜕𝑡𝑡

= ∇(𝐷𝐷mi∇𝑐𝑐a). (43) 

As 𝑐𝑐a = 𝑋𝑋𝜌𝜌𝑠𝑠 (𝑀𝑀𝜀𝜀mi)⁄ , with the apparent crystal density 𝜌𝜌s, the molar mass 𝑀𝑀, and the 
adsorbent crystal porosity 𝜀𝜀mi all being constants that can be dropped on both sides of 
the equation, the diffusion equation may be related to the loading 𝑋𝑋 without further 
assumptions: 
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 𝜕𝜕𝑋𝑋
𝜕𝜕𝑡𝑡

= ∇(𝐷𝐷mi∇𝑋𝑋). (44) 

The micro diffusivity 𝐷𝐷mi is also referred to as transport diffusivity, which can be related 
to the adsorbate self or tracer diffusivity 𝐷𝐷ad (Kärger et al., 2003): 

 𝐷𝐷mi = 𝐷𝐷ad
d ln 𝑝𝑝
d ln𝑋𝑋

. (45) 

The additional correction factor is referred to as thermodynamic factor or Darken factor1 
and shows the strong loading dependency of 𝐷𝐷mi for non-linear isotherms. It can be 
conveniently related to the slope of the isotherm: 

 Γ =
d ln 𝑝𝑝
d ln𝑋𝑋

 

=
𝑋𝑋
𝑝𝑝 �

𝜕𝜕𝑋𝑋
𝜕𝜕𝑝𝑝�

−1

. 
(46) 

The temperature dependency of the adsorbate diffusivity 𝐷𝐷ad may be assumed similar, 
at least in a first approach, to that of diffusion in solids. In solids the diffusivity is 
proportional to the Boltzmann factor exp(−𝐸𝐸a 𝑅𝑅𝑇𝑇⁄ ), which is the probability of a 
vibrating atom or molecule to have an energy higher than 𝐸𝐸a, the activation energy, 
which is required in order to overcome the energy barrier to a neighbouring site (Kärger 
et al., 2012). This yields the common Arrhenius type equation 

 ln𝐷𝐷ad = ln𝐷𝐷ad,0 −
𝐸𝐸a
𝑅𝑅𝑇𝑇

. (47) 

Micropore diffusion may be approximated with a linear driving force (LDF) approach 
by analogy to the isothermal case with linearized equilibrium and homogeneous uptake 
distribution, i.e. when close to equilibrium (Glueckauf, 1955). In this case, the change in 
average loading 𝑋𝑋� is proportional to its deviation from equilibrium: 

 𝜕𝜕𝑋𝑋�
𝜕𝜕𝑡𝑡

= 𝑘𝑘LDF�𝑋𝑋eq − 𝑋𝑋��. (48) 

Under the above mentioned assumptions and for the case of a step response, being close 
to equilibrium, Glueckauf (1955) showed that the LDF coefficient 𝑘𝑘LDF can 
approximately be related to the diffusivity with 

                                                        
1 Kärger and Ruthven (2012) discussed the origin of the equation and conclude that the common 

attribution to Darken (1948) is most probably incorrect. 
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𝐷𝐷mi ≈

𝑘𝑘LDFr2

𝜎𝜎(𝜎𝜎 + 2), (49) 

where the curvature factor 𝜎𝜎 = 𝑟𝑟𝐴𝐴 𝑉𝑉⁄ = 1 for the flat plate geometry of the 1D channel 
structure of the aluminium fumarate crystals investigated here. Likewise, values for 𝜎𝜎 
are 2 for cylinder, and 3 for sphere geometries. 𝑟𝑟 is the distance between the surface and 
the no-flux boundary, i.e. the particle radius for a domain accessible from all sides or the 
layer thickness for an even layer accessible from only one side. 

Surface barrier resistances 

In addition to the diffusion in the bulk, a barrier resistance at the surface may exist. This 
can either be a resistance at the molecular level of the pore mouth for micropore 
diffusion (Kärger et al., 2012), or a boundary layer of a secondary non-adsorbable 
species at the macroscopic composite surface (Bathen & Breitbach, 2001). The latter is 
irrelevant for a single component system at normal operation and disregarded in the 
following. Although, its impact, when non-adsorbable gases are introduced 
unintentionally, e.g., due to leakage or outgassing, can be detrimental for AHT at 
application level (Sapienza et al., 2016).  

Barrier resistance at micropore surfaces is a known phenomenon for, e.g. carbon 
molecular sieves (Jordi & Do, 1993), that can occur as only dominant mechanism, or in 
parallel to bulk diffusion in the micropores (Qinglin et al., 2003). A barrier resistance is 
modelled, analogously to the heat transfer contact resistance, as a Cauchy boundary 
condition of Eq. (43) at the surface (Wang & LeVan, 2011): 

 
𝐷𝐷mi

𝜕𝜕𝑋𝑋(𝑥𝑥0)
𝜕𝜕𝑥𝑥

= 𝑘𝑘b �𝑋𝑋eq − 𝑋𝑋(𝑥𝑥0)�. (50) 

Here the flux is proportional to the difference between the actual loading and the 
equilibrium loading 𝑋𝑋eq, that would settle eventually at the surrounding temperature 
and pressure conditions. The constant of proportionality is the barrier coefficient 𝑘𝑘b 
([𝑘𝑘b] = m s⁄ ). 

In reference to the comparison of convective and diffusive mass transfer and similar 
to the Biot number for heat transfer, a Sherwood number Sh = 𝑘𝑘b𝑟𝑟 𝐷𝐷⁄  can defined in 
order to differentiate between different limitations. For Sh → ∞, the surface barrier is 
negligible (and as such most probably unknown). For Sh → 0, the micropore diffusion 
may be neglected. In this case the loading inside the micropore domain is constant in 
space and the diffusion equation simplifies to 

 𝜕𝜕𝑋𝑋�
𝜕𝜕𝑡𝑡

=
𝑘𝑘b𝐴𝐴
𝑉𝑉

�𝑋𝑋eq − 𝑋𝑋��, (51) 

with 𝐴𝐴 𝑉𝑉⁄  being the surface to volume ratio of the microporous domain. This is exactly 
the LDF equation mentioned above. Thus, for a known geometry of the microporous 
domain, 𝑘𝑘b can be directly related to 𝑘𝑘LDF. It should be noted that for Sh → 0, Eq. (51) is 
an exact solution, whereas for Sh → ∞ the Eqs. (48) and (49) are merely approximations.  
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An approach for modelling both, surface and gas diffusion, in parallel has been 
developed by Sun & Meunier (1987) and extended recently (Füldner, 2015). However, in 
the case of this work, both transport mechanisms are assumed to occur separately at 
distinct scales. The contribution of surface diffusion on the macro level is assumed 
negligible, given that the macropores of the investigated composites are in the µm range. 
Mesoporous materials will not be considered. 

2.2.3 Measurement methods 

Measurements related to adsorption dynamics are either based on a transient 
adsorption process in the time or in the frequency domain, or as direct measurements of 
the transfer properties related to the adsorption dynamics, e.g. diffusivities or thermal 
conductivity. Depending on the approach and the information of interest, different 
sample sizes may be used, like whole heat exchangers (large), small representative 
Ad-HX cut-outs with well-defined geometry (small), or microscopic amounts of 
adsorbent with undefined geometry (micro).  

Measurements on the level of whole appliances are excluded here. Apart of direct 
prototype performance characterisation, they have been used to inform empirical 
models allowing to predict impact of varying operation conditions (Schicktanz & Núñez, 
2009; Lanzerath, 2013). Though, none of the heat and mass transfer mechanisms 
introduced above may be resolved at this coarse level. 

2.2.3.1 Time domain adsorption measurements 

Adsorption-based measurements in the time domain are typically performed as step 
response analysis, where a large or small sample at a pre-defined equilibrium state is 
exposed to a sudden change of at least one boundary condition, and subsequently 
reaches a new equilibrium state with a distinct temporal evolution. For the step 
response analysis, basically three methods are distinguished in literature: large 
temperature jump (LTJ), large pressure jump (LPJ), and the small pressure jump (SPJ). A 
good overview on adsorption-based measurements can be found in a recent review 
(Aristov, 2020). 

The LTJ is the most widely used experimental technique (Aristov, 2020). After pre-
conditioning at given temperature and pressure/loading, the temperature boundary 
condition of the sample is changed as quick as possible. For small samples this may be 
done by changing the temperature of a cold plate hosting, e.g., a mono- or multi-layer 
granular bed (Aristov et al., 2008), or a coated composite material (Velte et al., 2017). 
For complete heat exchangers, the step is applied to the inlet temperature of the HTF 
(Sapienza et al., 2014; Graf et al., 2016). The temporal evolution of the uptake is 
measured mostly either manometrically or gravimetrically. Manometrical measurements 
are restricted to small samples, as a vacuum vessel is required that is large enough to 
provide the adsorptive while keeping the conditions close to isobaric. For large samples, 
the gravimetric method is employed. Additionally, the uptake may be estimated through 
the samples energy balance, either, for small samples, with a heat flux sensor placed 
between cold plate and sample (Schnabel et al., 2010; Tierney et al., 2016), or, for large 
samples, with the in- and outlet temperatures of the HTF (Tokarev & Aristov, 2017). In 
these cases, the caloric mean temperature and the heat capacity of the sample must be 
measured or estimated in order to close the energy balance which leads to additional 
uncertainties. Further, stability issues have been reported for heat flux sensors under 
pure water vapour atmosphere. 
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For LPJ experiments, the samples temperature conditions (cold plate temperature or 
HTF inlet temperature) are kept constant, and the gas pressure above the sample is 
changed by opening a valve to a second vacuum vessel, pre-conditioned with vapour at a 
different pressure. As for the LTJ, the uptake change is measured manometrically for 
small samples (Schnabel et al., 2010) or gravimetrically for large samples (Wittstadt et 
al., 2015). 

The SPJ method consists of several small successive pressure jumps performed on 
small samples, with each step reaching equilibrium. With this approach, the variation of 
the thermodynamic state of the sample throughout an individual step is minimised to 
the expense of a limited signal-to-noise ratio. A specific SPJ, where isothermal conditions 
are assumed throughout, is the isothermal differential step (IDS) method (Kärger et al., 
2012). 

Temporal uptake evolutions obtained by conventional TG measurements from 
commercially available devices, which are more accessible compared to the methods 
mentioned before that require custom built setups, are “strongly discouraged” (Aristov, 
2020) for the derivation of HMT parameters. The processes in TG devices are either 
determined by multi-component diffusion in the surrounding humid gas flow (open TG) 
or by strong and undefined heat transfer resistance (closed TG). Both effects have 
nothing to do with the heat and mass transfer processes relevant to adsorption dynamics 
in AHT. The same applies to other measurements of the temporal evolution of the uptake 
from a humid gas stream, e.g. by X-ray diffractometry. 

In most AHT-related studies adsorption dynamic measurements are performed with 
the aim to provide some kind of performance evaluation und application-like conditions 
(Aristov, 2020). The results are interpreted directly and only valid for the boundary 
conditions and the exact sample measured. The extrapolation to the scale of an actual 
application, especially from small samples, requires a considerable amount of 
assumptions and is subject to intensive discussion (Aristov, 2020). No information on 
HMT parameters is obtained and effects of design parameters or changing boundary 
conditions may only be included by extensive sample and measurement variation. 

However, with parameter identification (PI) adsorption-based measurements are 
employed with different methodological paradigm. Here, HMT parameters are 
determined indirectly by comparing the experiment to a model, and trying to minimise 
the deviation between them. The estimated parameters allow for this minimisation. The 
estimation of performance under application conditions requires an additional 
simulation step based on the estimated parameters. While this is more elaborate 
compared to application mimicking, this approach allows including additional upscaling 
effects for measurement on small samples, like thermal conduction in the heat exchanger 
or an heat exchanger fluid with finite heat capacity rate, or changing operation 
conditions for measurements on both, small and large samples, like mass flow of the 
HTF, temporal evolution of inlet temperature levels or pressure levels. Here the later may 
especially be determined from transient evaporator/condenser models.  

One of the simplest forms of PI is based on isothermal models with a single Fickian 
diffusion resistance and consist of linear regression to the initial uptake of SPJ 
experiments (Ovoshchnikov et al., 2011; Kärger et al., 2012). However, this approach is 
of limited use for AHT, where the thermal effect is purposely high, as the adverse effect 
on the supposed isothermal conditions does not decrease with the step size of the SPJ 
(Sun et al., 1993).  

Hence, non-linear time domain models have been used recently by other authors that 
may only be solved numerically in comparison to LPJ measurements on small samples 
(Dawoud et al., 2007; Füldner, 2015) and LTJ measurements on small samples (Velte et 
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al., 2017) or large samples (Wittstadt et al., 2014; Graf et al., 2016). Moreover, Velte et al. 
(2017) proposed to analyse the heat transfer separately by performing additional LTJ 
measurements under the inert conditions of a nitrogen atmosphere. LTJ-based PI has 
generally a limited resolution of the thermodynamic state: Only one set of parameters is 
identified for the whole range of the step. For smaller steps the precision deteriorates, 
due to the limited signal-to-noise ratio. Uncertainty reduction by repetition is practically 
limited through the long equilibration times required for each measurement. 

PI, performed on small or large samples, differs in the precision with which 
parameters may be identified and the amount of transport effects included, thus the 
amount of assumptions required for extrapolation to actual applications. Small samples, 
where boundary conditions are tightly controllable with limited spatial variation and 
edge effects may be neglected, allow for the use of PDE model on simplified geometries 
which are necessary to identify transfer coefficients, like diffusivities or thermal 
diffusivities. Measurements on large samples include additional effects from the heat 
exchanger geometry and both sides of the Ad-HX, i.e. the distribution of the adsorbent 
(composite) on one side and the HTF on the other side. This makes the results more 
closely related to the appliance level, while spurious effects from, e.g., mal-condensation 
or valve switching delays are excluded. The effect of inert gases is also excluded or may 
be introduced in controlled manner, in order to evaluate its effect (Glaznev & Aristov, 
2008; Sapienza et al., 2016). However, the typically complex heat exchanger geometry 
and coupled variation in boundary conditions on the side of the HTF makes the 
deduction of local transport properties difficult to impossible. 

The identification of effective transport resistances is a different evaluation approach, 
that has been suggested recently for HMT problems in AHT (Ammann et al., 2018; 
Ammann et al., 2019). The effective transport resistances lump transfer coefficients and 
geometry influences, and do not require detailed geometry information nor detailed 
modelling but just a thorough description of the sorption equilibrium. With an 
additional temperature measurement they allow for discrimination of heat and mass 
transfer effect. As explicit geometry information is lacking, the method does not directly 
allow for model based design optimisation. It is based on the concept of driving 
temperature equivalent proposed earlier by Wittstadt et al. (2017) and will be further 
elaborated in Section 3.2. 

2.2.3.2 Frequency domain adsorption measurements 

The FRA is an established (Kärger et al., 2012) method for the determination of heat and 
mass transfer processes in adsorption systems since the 1960s (Naphtali & Polinski, 
1963; Yasuda, 1982; Iglesia & Reyes, 1994; Sun et al., 1994; Sward & LeVan, 2003; Song 
& Rees, 2008; Giesy et al., 2012): From a set equilibrium state an adsorbent sample is 
exposed to an, e.g. sinusoidal, periodical fluctuation of one variable (excitation) while the 
response of one or more other variables is recorded. The experiment is carried out at 
different frequencies in order to evaluate the response in the frequency domain, i.e. the 
frequency response (FR). The method has several principal advantages compared to 
time domain methods: 

1. Separation of different transport processes, as they are visible at different 
frequencies depending on their time constant and with different patterns 
depending on the transport mechanisms 

2. High resolution of the thermodynamic state, as during the experiment the 
systems is kept in a small region around a constant equilibrium state 
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3. Easily scalable accuracy by changing the duration of the experiment, i.e. 
changing the number of periods measured 

4. Usage of locally linearised models with constant coefficients without accuracy 
loss, as in the small state region non-linearities may typically be neglected 

5. Measurements in the frequency domain allow for usage of model solutions 
directly in the Laplace domain, generally easier to obtain compared to the time 
domain. 

6. Computationally inexpensive parameter identification, as for linearized models 
in the Laplace domain analytical solutions can be derived in most cases 

These advantages outweigh the considerable experimental and data processing effort, 
especially if a quantitative differentiation, between different transport processes for 
different thermodynamic states (temperature, loading, pressure) of the system, is 
required.  

According to the quantity used for excitation, different FRA types are distinguished in 
literature: For the volume swing frequency response (VSFR) the volume of a closed 
measuring chamber is varied, e.g., with a mechanically driven bellow, while the pressure 
fluctuation is recorded. This was the first configuration (Naphtali & Polinski, 1963) and 
is still the most widely used. Other approaches are the pressure swing frequency response 
(PSFR) (Sward & LeVan, 2003), and the concentration swing frequency response (CSFR) 
(Wang & LeVan, 2008), which are based on flow-through systems. One or more mass 
flow controllers are used to apply either a pressure excitation for single constituent 
experiments, or a concentration excitation for multi component experiments. These 
approaches were, amongst other things, motivated by the reduced temperature 
fluctuations due to convective heat transfer, in order to allow for the application of 
isothermal models. Taking into account these temperature fluctuation, also referred to as 
“heat effect” (Sun et al., 1993; Sun et al., 1994), was also the reason behind the thermal 
frequency response (TFR) (Bourdin et al., 1996a; Bourdin et al., 1996b). With this VSFR 
setup, developed and operated at the Laboratoire d'informatique pour la mécanique et 
les sciences de l'ingénieur (LIMSI), a CNRS institute in Orsay near Paris, the response 
sample surface temperature was measured using a costly high precision fast infrared 
(IR) detector cooled with liquid helium (Bourdin et al., 1998). The TFR was applied to 
understand the thermal effects on mass transfer identification. Although, effective 
thermal resistance where identified, a detailed heat transfer analysis was not the explicit 
aim of these studies. Since the work at LIMSI, no other TFR reports could be identified in 
literature. 

Extensive overviews over FR apparatus in literature can be found in reviews and text 
books (Song & Rees, 2008; Kärger et al., 2012), with some instruments being described 
very detailed in dedicated publications (Bourdin et al., 1998; Turner et al., 2001). 

FRA has been applied to a wide variety of adsorbents and adsorptives for all kinds of 
adsorption applications, e.g., the adsorption kinetics of CO2 and N2 in commercial 13X 
zeolite pellets and O2, N2 and Ar in carbon molecular sieves (Giesy & LeVan, 2013; Giesy, 
2014; Mohammad Iftekhar Hossain, 2014). However, measurements relevant to AHT, 
namely with water, are scarce with few exceptions like the investigation of water on NaX 
zeolite crystals and pellets with the TFR (Bourdin et al., 1996b). A reason could be the 
strong heat effect, which is problematic for classical FR but required for AHT. 

In principle, FR apparatus may also be used to apply a SPJ evaluated in the time 
domain, which is also referred to as “single step FR” (Song & Rees, 2008), as, e.g., done to 
assess the diffusion of H2O in spherical silica gel granules (Gurgel et al., 2001).  

A concentration swing FRA has been used to study the mass transfer of water from a 
humid He stream in the zirconium based MOF UiO-66 (Hossain & Glover, 2019). 
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Measurements were performed at room temperature, and – in order to distinguish 
macro and micropore diffusion – on single pelletized granules of different sizes in the mg 
scale. The results showed a U-shaped loading dependency of the micropore transport 
diffusivity, presented as the inverse characteristic time 𝐷𝐷 𝑟𝑟2⁄ . The transport diffusivity 
could not be quantified, due to missing information about the diffusion length. 

2.2.3.3 Direct measurements 

The HMT transfer parameters relevant to adsorption dynamics may alternatively be 
measured directly as material properties with approaches that may be independent of 
an adsorption process.  

The measurement of micropore diffusivity in pores is a large field of experimental 
physics, in which a variety of methods have been developed (Kärger et al., 2012). These 
methods are applied to phenomena on the scale of several unit cells up to several µm, 
which is considered as “microscopic” here, and may be differentiated into equilibrium 
and non-equilibrium techniques. Equilibrium techniques allow the determination of the 
adsorptive self-diffusivity by tracing the displacement of individual molecules over a 
specified period of time; either by introducing radioactive isotopes as tracers or by 
labelling molecules with their magnetic dipole, e.g., with the pulsed field gradient 
nuclear magnetic resonance (PFG-NMR). Microscopic non-equilibrium methods involve 
the induction of a transient adsorption process and the measurement of the temporal 
evolution of concentration profiles, e.g., through IR microscopy (Chmelik et al., 2010). A 
detailed discussion of these methods and their applicability to AHT problems has been 
provided by Füldner (2015). A practical issue arises from the extrapolation of 
microscopically determined diffusivities to the application scale, as this requires detailed 
information about the geometry at the microscopic level and assumptions about the 
scale-up effects, like intra- and intercrystalline defects, additional barrier resistances 
between macro and micro level etc. Moreover, there might be practical experimental 
restrictions, like the provision of large single crystal for IR microscopy or iron free 
material samples for PFG-NMR, making these methods inapplicable to certain materials 
relevant to AHT. However, directly measured diffusivities are important additional 
information to validate assumptions made for macro scale models and to allow for a 
holistic understanding of the underlying transfer mechanisms. Especially the mismatch 
of microscopic and macroscopic results triggers the search for additional transfer effects 
that eventually might lead to further improvement. 

Macropore diffusivity may be measured with permeation experiments in a Wicke–
Kallenbach diffusion cell (Wicke & Kallenbach, 1941), where a pressure difference is 
applied over a macroporous sample while the flux is measured. With measurements at 
different absolute pressures viscous flow and Knudsen diffusion may be differentiated 
and quantified. This method is suitable for the investigation of flat samples, accessible 
from both sides, but not for, e.g. granular samples or coatings too brittle to be detached 
from a closed support. Still, it has been used to measure macropore diffusion in SAPO-34 
coated metallic fibre structures for AHT (Füldner, 2015). 

Thermal conductivity may be measured by transient or steady state methods, which 
have crucial limitations when applied to adsorbent materials for AHT. Transient methods 
in the time domain, like the hot disc method (Gustavsson et al., 1994) or the laser flash 
analysis (Parker et al., 1961), or in the frequency domain, like the 3ω method (Cahill & 
Pohl, 1987), are popular for measuring thermal diffusivities of thin solid samples. 
However, they all assume a heat equation with no additional source term. As the 
adsorption-related term in Eq. (32) is tightly coupled to mass transfer properties and 
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thus may not be easily corrected in the analysis, transient methods may not be applied to 
adsorption materials unless completely desorbed. For steady state methods, the thermal 
conductivity is derived from heat flux and temperature difference over a known sample 
thickness. The heat flux through the sample is either measured directly (heat-flux-
method) or derived from an electrical heat source making sure that all heat released is 
conducted through the sample (guarded-hot-plate method). The first method, that 
requires calibration with a reference material, has been applied under air atmosphere at 
different temperatures for zeolite 13X composites with different additives (Wang et al., 
1999). Contact effects are reported to be included in the calibration. The authors 
mention the comparative nature of their experiment, as under air the results are likely to 
differ from application conditions with a pure adsorptive low pressure atmosphere. The 
second method was for applied for discs of monolithic carbon, also under air 
atmosphere (Tamainot-Telto & Critoph, 2001). Here, the contact resistance between 
sample and plates was estimated with an equivalent air gap, based on the sample surface 
roughness. These steady state measurements required samples in the order of several 
mm to cm. Measurements under application conditions of AHT could not be found in 
literature. A reason – beyond the high experimental effort required – might be the 
contact resistance, which is increased by low pressures, leading to high uncertainties. 
Hence, at present the determination of thermal conductivities in adsorption material 
under application conditions is limited to adsorption-based PI methods discussed above. 

2.3 Adsorption Heat Transformation 

In general, thermally driven heat transformers regroup different kinds of chillers, heat 
pumps, and thermal energy storages. They use the virtual work, potentially released 
from a first heat flow dropping from a higher to a lower temperature level, to lift a 
second heat flow from a lower to a higher temperature level (Figure 4). These appliances 
may be realized based on the principle of adsorption heat transformation (AHT), which 
allows simple, robust and scalable designs. For various applications, different cycles have 
been developed, mainly characterised by the relation between the different temperature 
levels. In all cases the cycles are intermittent, with a first half-cycle where heat is 
dropping in temperature, and a second half-cycle where heat is lifted in temperature. 

2.3.1 Working principle 

The working principle of an adsorption chiller will be explained for the example of data 
centre cooling (Figure 3). The chiller consists of two Ad-HXs, a condenser and an 
evaporator in a pure working fluid atmosphere. If temperatures below 0 °C can be 
excluded, usually water is used as working fluid for its high evaporation enthalpy. The 
Ad-HXs have a HTF on the primary and a stationary adsorbent material or composite on 
the secondary side. The process is cyclic: In the first half-cycle the waste heat from the 
CPUs is used to regenerate the first Ad-HX. The desorbed working fluid is condensed in 
the condenser which is cooled through a heat rejection to the ambient at, e.g., 30 °C. This 
part of the cycle is running at a high pressure, above the saturation pressure of the 
condenser. In the second half-cycle, working fluid is adsorbed on the Ad-HX which is 
again cooled to the ambient. This allows for a low pressure inducing the evaporation in 
the evaporator at about 20 °C. For continuous provision of cold, two Ad-HXs are 
operated alternately. The saturated liquid working fluid flows through a throttle 
element, where it undergoes an adiabatic expansion from the condenser to the 
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evaporator pressure leading to flash evaporation of a small fraction of the working fluid. 
With passive check vales between the heat exchangers, this process does not require any 
mechanically actuated components.  

For heat pump applications the same cycle is used, except that the medium-
temperature heat is used and the low-temperature heat is provided from an ambient 
source. As here useful heat is provided during both half-cycles, either from condensation 
or from adsorption, designs with a combined evaporator–condenser are often used. This 
design is even simpler, as check valves or throttle elements are unnecessary. However, 
the thermal mass of the evaporator–condenser is cycled between condension and 
evaporation temperature, which reduces the overall efficiency. 
 

 

Figure 3: Working principle of an adsorption chiller for the example of data centre cooling: The waste heat 
recovered from the CPUs by liquid cooling is driving the chiller providing cooling to the auxiliary loads 
through air cooling 

2.3.2 Applications 

Adsorption chillers have been successfully applied for cooling of buildings or goods 
driven by solar heat, excess heat from combined heat and power (CHP) or industrial 
processes (Deng et al., 2011; Meunier, 2013). Adsorption heat pumps are, e.g., used to 
efficiently provide heat for space heating or domestic hot water supply. This useful heat 
is increased by using the temperature difference between the combustion temperature 
and the usage temperature to lift environmental heat to the usage temperature level 
(Metcalf et al., 2012; Wittstadt et al., 2017). Similarly, the approach “heat from cold” 
suggests using the temperature difference between two natural heat reservoirs in very 
cold climates. Heat from non-frozen waters flowing to the very low temperatures of 
ambient air could be used to lift heat from the first source to a level useful for space 
heating (Aristov, 2017b).  

c by Laurenz et al., 2020 / CC BY 4.0 
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The same principle has been used to demonstrate thermal energy storage by 
interrupting the cycle between the two half-cycles. In this case the temperature levels of 
the two half cycles are similar, e.g. between a charging temperature level and an 
environmental reservoir and vice versa. This field has attracted widespread research 
activities in recent years as summarised in a recent review by Fumey et al. (2019), 
where, in contrast to many other review papers, special attention is payed to the role of 
the different temperature levels involved. Commercial application of sorption-based 
thermal energy storage is scarce and yet limited to niche applications like, e.g., 
temperature controlled transport containers (Rigaud et al., 2015). Despite massive 
research activities, it remains unclear when, or if at all, applications for the long-term 
storage of solar thermal energy for buildings will be viable. The German government-
funded research project MAKSORE found that with currently available adsorbents 
several hundred storage cycles per year were necessary in order to reach commercial 
and ecological (in terms of CO2-equivalents) viability for this application (Velte et al., 
2018). Beneath these commercial and sustainability related questions, the main 
technological challenges have been summarised as (Aristov, 2017a): “(i) the driving 
temperature is low, hence temperature losses in adsorbent and heat exchanger unit must 
be strictly minimized; (ii) solar heat can be highly variable in time, therefore good 
desorption dynamics is very important to accept high insolation regimes; (iii) the rate of 
heat recovery during winter time is essentially restricted by low vapour pressure in an 
evaporator coupled to the ambient.” 

A novel application of adsorption chillers that has attracted rising interest in recent 
years is the provision of data centre air cooling driven by heat yielded from water cooled 
high-temperature CPUs. Current high performance CPUs allow cooling water 
temperatures of up to 60 °C or more (Zimmermann et al., 2012; Wilde et al., 2017) that 
can be used to drive adsorption chillers providing cooling for auxiliary loads, e.g. from 
hard disks and power supplies. 
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Figure 4: Generic ideal heat transformer as a combination of a clockwise and a counterclockwise Carnot 
cycle with heat transferred from or to four temperature reservoirs at different arbitrarily chosen levels. 
Virtual work is exchanged between both half-cycles. 

2.3.3 Thermodynamic cycles and performance evaluation 

For the analysis of any AHT two thermodynamic cycles are relevant that will be 
introduced in the following: The Carnot cycle, representing the upper boundary in terms 
of efficiency, and the ideal adsorption cycle, that takes into account the thermodynamic 
properties of the adsorbent–refrigerant pair. Two fundamental figures of merit for 
efficiency and compactness will be introduced. 

The ideal thermally driven heat transformation cycle operates between four infinite 
heat reservoirs at constant temperature (Figure 4). It is a combination of two Carnot 
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cycles: firstly, a clockwise (power) half-cycle operating between 𝑇𝑇1 and 𝑇𝑇2 that uses the 
heat 𝑄𝑄1 to provide the virtual work 𝑤𝑤vrt, while discharging the heat 𝑄𝑄2, and, secondly, a 
counterclockwise (heat pump and refrigeration) half-cycle operating between 𝑇𝑇3 and 𝑇𝑇4 
that uses 𝑤𝑤vrt to remove the heat 𝑄𝑄4 and reject the heat 𝑄𝑄3. Here, the virtual work 𝑤𝑤vrt is 
a purely theoretical quantity without any relation to any actual physical phenomenon. 

a) b) c)

𝑇𝑇

 

Figure 5: Variation of the ideal heat transformer (c.f. Figure 4): a) Ideal chiller/heat pump cycle, heat from 
both half-cycles is rejected at the same medium temperature level, b) ideal heat upgrading cycle, both 
half-cycles are fed from the same medium temperature level, useful heat is provided at elevated 
temperature level, c) ideal storage cycle, heat from the heat pump half-cycle is rejected at the driving 
temperature level. 

While, in principle, all temperature levels may be chosen independently, three basic 
variations of the cycle are especially relevant to applications (Figure 5):  

a) The first is the ideal thermally driven heat pump and refrigeration cycle, where 
the heat rejection occurs at the same temperature level. This medium 
temperature level 𝑇𝑇M can be either an ambient temperature (chiller) or the 
useful heating temperature (heat pump).  

b) The second is the ideal heat upgrading cycle, where both half-cycles are driven 
from heat at medium temperature level with some heat being discharged at 
low temperature, typically to an ambient heat sink, and some heat at a (useful) 
high temperature level. This cycle is, e.g., the basis of the “heat from cold” 
concept (Aristov, 2017b).  

c) The third is the ideal storage cycle, which is only possible if the two half-cycles 
may be shifted in time. Both half-cycles, now a charging and discharging half-
cycle, operate between the same temperature levels. Depending on whether 
cold or heat is to be stored, either the upper or lower temperature level is at 
ambient temperature.  

In the following, cycle evaluation parameters, i.e. the figures of merit, are introduced 
for the example of a chiller application. For the other applications they may be derived 
accordingly. 

The overall cooling efficiency of the ideal heat transformation cycle follows directly 
from the combination of the both Carnot half-cycles (Figure 4), where the power half-
cycle has the efficiency 𝜂𝜂C = 𝑤𝑤vrt 𝑄𝑄1⁄  and the refrigeration half-cycle the coefficient of 
performance for cooling COPC = 𝑄𝑄4 𝑤𝑤vrt⁄ :  
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 COPC,HT =
𝑄𝑄4
𝑄𝑄1

 

= 𝜂𝜂CCOPC 

=
𝑇𝑇1 − 𝑇𝑇2
𝑇𝑇1

⋅
𝑇𝑇4

𝑇𝑇3 − 𝑇𝑇4
 

=
𝑇𝑇4
𝑇𝑇1
Δ𝑇𝑇thr
Δ𝑇𝑇lft

  

(52) 

Following Ziegler (1999), the first temperature difference is referred to as the 
temperature thrust Δ𝑇𝑇thr = 𝑇𝑇1 − 𝑇𝑇2 and the second as the temperature lift Δ𝑇𝑇lft = 𝑇𝑇3 −
𝑇𝑇4.2 This formulation shows that the theoretical limit of any actual thermally driven 
refrigeration cycle only depends on the ratio of the high- and the low-temperature level 
and the ratio of the two temperature differences. 

The ideal adsorption heat transformers are physical realizations of these cycles. While 
the attribution of heats from the Carnot cycle to the adsorption cycle is somehow 
arbitrary, it is extremely useful to understand 𝑄𝑄1 as the heat used for desorption, 𝑄𝑄2 as 
the heat from condensation, 𝑄𝑄3 as the heat from adsorption and 𝑄𝑄4 as the heat used for 
evaporation. This way, the “power” half-cycle from the Carnot process corresponds to the 
desorption–condensation half-cycle, and the “heat pump and refrigeration” half-cycle to 
the adsorption–evaporation half-cycle, which is an important pre-requisite for some of 
the derivations developed later in Section 3.2. Moreover, e.g., the storage cycle of Figure 
5c may be obviously realised as adsorption storage cycle.3  

Usually, the adsorption cycle is represented in a Clausius–Clapeyron diagram (Figure 
6), where ln 𝑝𝑝 is plotted over − 1 𝑇𝑇⁄ . According to the Clausius–Clapeyron equation, Eq. 
(17), the isosteres and the vapour pressure curve of the pure refrigerant are 
approximately (assuming ideal gas and constant differential adsorption enthalpy) 
straight lines. However, this representation has a weakness as it is ambiguous in terms of 
the caloric state of the working pair. Thus, points may be not well defined 
thermodynamic states and not all processes are represented by connections between 
them. This is especially the case on the vapour pressure curve of the pure refrigerant, 
where the saturated liquid and the saturated vapour are superimposed. 

The simple cycle without heat recovery works as follows, assuming that the cycle 
operates between four ideal heat reservoirs at constant temperature levels, as the Carnot 
cycle. For analogy with the aforementioned cycle, the description starts at point 3, where 
the adsorbent is at maximal loading 𝑋𝑋2, indicated as “wet”, and temperature 𝑇𝑇3: 

3–1 Isosteric heating of the “wet” adsorbent (3–1’), and isobaric desorption of the 
refrigerant from the adsorbent down to loading 𝑋𝑋1 at pressure 𝑝𝑝c between 
temperature 𝑇𝑇1′  and 𝑇𝑇1 (1’–1), while the required heat 𝑄𝑄1 is supplied at 𝑇𝑇1 

1–2 Desuperheating and condensation of the pure working fluid at constant 
pressure 𝑝𝑝c and temperature 𝑇𝑇2, while releasing the respective heat 𝑄𝑄2 at 𝑇𝑇2 

                                                        
2 Here, Δ𝑇𝑇lft must not be confounded with the temperature difference between in- and outlet of an open 

(flow-through) sorption system, which may also be referred to as temperature lift, especially in the 
literature on adsorption thermal energy storage (Hauer, 2002). 

3 However, if the analogy between the adsorption heat pump cycle and the vapour-compression cycle is to 
be stressed, often the adsorption–desorption process is thought as “thermal compression”. In this case 
the (time-shifted) desorption–adsorption is (implicitly) understood as “power-cycle” driving the heat-
pump cycle between evaporation and condensation. As the Carnot cycle does not rely on any actual 
physics both interpretations are possible. 
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2–4 Isenthalpic expansion of the saturated liquid refrigerant, including partial flash 
evaporation 

1–3 Isosteric cooling of the “dry” adsorbent (1–3’), and isobaric superheating and 
adsorption of the working fluid up to loading 𝑋𝑋2 at pressure 𝑝𝑝e between 
temperature 𝑇𝑇3′  and 𝑇𝑇3 (3’–3), releasing the heat from cooling and adsorption 
𝑄𝑄3 at 𝑇𝑇3 

4–3 Evaporation of the pure working fluid at constant pressure 𝑝𝑝e and temperature 
𝑇𝑇4, while supplying the required heat 𝑄𝑄4 at 𝑇𝑇4 

ln 𝑝𝑝/𝑝𝑝0

−
1
𝑇𝑇

𝑇𝑇3𝑇𝑇4

𝑝𝑝e

𝑇𝑇2 𝑇𝑇3′ 𝑇𝑇1′ 𝑇𝑇1

𝑝𝑝c

𝑋𝑋

 

Figure 6: Ideal adsorption heat transformation cycle in the Clausius–Clapeyron plot for a working pair 
with S-shape isotherm, where the isosteres (grey lines) employed in the cycle form a narrow band and the 
equilibrium temperatures during ad- and desorption are nearly constant (𝑇𝑇1 ≈ 𝑇𝑇1′ and 𝑇𝑇3 ≈ 𝑇𝑇3′) 

The first two processes may be seen as the “power” half-cycle and the last two as the 
“heat pump and refrigeration” half-cycle. In practice, heat recovery might be added, 
especially between the isosteric heating and cooling phases, e.g. by operating two 
Ad-HXs shifted in time. 

For a sorption material with a perfect step-like isotherm, the temperatures of the de- 
and adsorption are constant, i.e. 𝑇𝑇1 ≈ 𝑇𝑇1′ and 𝑇𝑇3 ≈ 𝑇𝑇3′. For this ideal adsorption heat 
pump and refrigeration cycle, the cooling COP on material level, i.e. without the influence 
of the thermal mass of any supporting heat exchanger structure, is 

 
COPmat =

𝑄𝑄4
𝑄𝑄1

=
(𝑋𝑋2 − 𝑋𝑋1) �Δℎv(𝑇𝑇4) − ∫ 𝑐𝑐𝑝𝑝,L(𝜗𝜗)d𝜗𝜗𝑇𝑇2

𝑇𝑇4
�

∫ Δℎs(𝜒𝜒,𝑇𝑇1)d𝜒𝜒X2
X1

+ ∫ 𝑐𝑐𝑝𝑝,𝑠𝑠+𝑎𝑎(𝑋𝑋2,𝜗𝜗)d𝜗𝜗𝑇𝑇1
𝑇𝑇3

 (53) 

In the numerator, the integrated specific heat capacity takes into account the effect of 
the flash evaporation, while the denominator consists of the heat required for the 
desorption and the isosteric heating.  

If the temperature dependency of the specific heat capacities and the loading 
dependency of the differential adsorption enthalpy Δℎs can be neglected, the integrals 
may be simplified, which leads to 
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COPmat =

Δ𝑋𝑋�Δℎv(𝑇𝑇4) − (𝑇𝑇2 − 𝑇𝑇4)𝑐𝑐𝑝𝑝,L�
Δ𝑋𝑋Δℎs(𝑇𝑇1) + (𝑇𝑇1 − 𝑇𝑇3)𝑐𝑐𝑝𝑝,𝑠𝑠+𝑎𝑎(𝑋𝑋2), (54) 

with the loading spread Δ𝑋𝑋 = 𝑋𝑋2 − 𝑋𝑋1. This material COP is the theoretical upper 
boundary for any realised adsorption chiller process.  

An actual process has, additionally, an Ad-HX with the heat capacity 𝐶𝐶AdHX and a 
combined evaporator/condenser with the heat capacity 𝐶𝐶EC to be considered. For this 
case and with a single medium temperature level (𝑇𝑇2 = 𝑇𝑇3) the COP is further reduced:  

 

COPAC =
Δ𝑋𝑋 �Δℎv(𝑇𝑇4) − Δ𝑇𝑇lft �𝑐𝑐𝑝𝑝,L + 𝐶𝐶EC

Δ𝑋𝑋𝑚𝑚s
��

Δ𝑋𝑋Δℎs(𝑇𝑇1) + Δ𝑇𝑇thr �𝑐𝑐𝑝𝑝,𝑠𝑠+𝑎𝑎(𝑋𝑋2) + 𝐶𝐶AdHX
𝑚𝑚s

�
. (55) 

For the case of a separated evaporator, the heat capacity of the combined evaporator-
condenser 𝐶𝐶EC is omitted, as the thermal mass of the evaporator is kept at constant 
temperature. 

The efficiency for the heating case, where 𝑄𝑄3 + 𝑄𝑄2 are judged “useful”, can be deduced 
analogously (Schnabel et al., 2018). 

The second figure of merit used to evaluate AHT cycles is the specific cooling power 
(SCP). Depending on the dominant constraint from the application it can either be 
defined as the volume specific cooling power (VSCP), where compactness and indirectly 
the amount of auxiliary material counts, or as the adsorbent mass specific cooling power 
(MSCP), where the amount of adsorbent is relevant.  

The VSCP relates the amounts of useful heat to the total cycle time Δ𝑡𝑡 and the 
reference volume (e.g. of the component) 𝑉𝑉: 

 VSCP =
𝑄𝑄4

Δ𝑡𝑡 ⋅ 𝑉𝑉
. (56) 

With the same assumptions as above this can be written as: 

 
VSCP =

Δ𝑋𝑋
Δ𝑡𝑡

𝑚𝑚s

𝑉𝑉
 �Δℎv(𝑇𝑇4) − Δ𝑇𝑇lft �𝑐𝑐𝑝𝑝,L +

𝐶𝐶EC
Δ𝑋𝑋𝑚𝑚s

��. (57) 

Again, the heat capacity of the combined evaporator/condenser 𝐶𝐶EC is omitted for the 
case of separated components. 

The practical difficulty of Eq. (57) is, that the total cycle time Δ𝑡𝑡 is not available a 
priori. In contrast to all other variables that determine the COPs, it is not a 
thermodynamic quantity, but rather a result of the transfer properties of the 
components, the material properties and the boundary conditions, which is deduced 
from experiments or simulations. A method for the direct estimation of the SCP without 
relying on a determination of Δ𝑡𝑡 will be suggested in Section 3.2. 

For heating applications, the volume specific heating power can be derived 
accordingly (Schnabel et al., 2018). 
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Adsorption heat or cold storage applications may be treated in a similar way in 
principle, with storage efficiency instead of COP, specific charging and discharging power 
instead of SCP, and storage density (per volume or mass) as additional parameter 
(Fumey et al., 2019).  

Adsorption heat transformation may also be realised with advanced cycles that may 
include several effects or stages, or heat recovery. A comparative assessment of these 
cycles, which are beyond the scope of this work, can be found elsewhere (Velte, 2019). 

2.4 Materials 

A variety of working pairs, i.e. adsorbent-adsorptive combinations, have been discussed 
for AHT in literature, that meet the different requirements to different extends (Aristov, 
2013; Schnabel et al., 2018).  

Working pairs for AHT are primarily characterised by their thermodynamic 
properties discussed above. Their adsorption equilibrium should allow for a large 
loading spread under the temperature conditions of the target applications, exhibit a 
large adsorption enthalpy, a low specific heat capacity. To allow for compact and 
competitive devices, they should have a high enough density, be easily available at low 
cost and stable under application conditions. Further, the material should be processable 
to composites and/or components with good heat and mass transfer properties 
favourable for high power density with low driving forces. 

Overviews of common and promising working pairs are provided, e.g., by Aristov 
(2013) and Henninger et al. (2017), who are discussing all requirements mentioned 
above.  

An adsorptive with a high evaporation enthalpy is crucial for an efficient process, 
given the cyclic operation and as follows from Eq. (55). Thus, water is the adsorptive of 
choice, followed by ammonia and methanol, which allow sub-zero evaporation 
temperatures and avoiding vacuum conditions, to the cost of toxicity and lower 
evaporation enthalpy.  

Silica-gel–water is the working pair, used in most commercial appliances. High 
stability and a low price compensate the limited uptake, resulting from the linear 
isotherm. Classical microporous zeolites, like NaX or 4A with water, are especially 
considered for applications where large Δ𝑇𝑇lft are required due to their high 
hydrophilicity, which on the other hand results in poor performance for most AHT 
applications, where Δ𝑇𝑇thr is limited. Activated carbons, the commercially most relevant 
material class for classical adsorption applications, have been investigated with 
ammonia or methanol as a refrigerant (Wang et al., 2009). 

S-shaped or step-like isotherms with a large uptake are especially useful for AHT if 
the application boundary conditions are within narrow bounds (Aristov, 2013). These 
“discrete sorption materials” allow for cycles with high loading change with small 
Δ𝑇𝑇thr Δ𝑇𝑇lft⁄ -ratios, thus, following from Eq. (55), high efficiencies. In the Clausius–
Clapeyron-plot (Figure 6) the isosteres of maximal and minimal loading are very close 
(identical for the case of the ideal step-like isotherm), reducing the adsorption part of 
the cycle to a small strip. If, however, the temperature conditions are not met, either 
because of a too high Δ𝑇𝑇lft, or a too small Δ𝑇𝑇thr, the performance deteriorates completely. 
This “temperature stiff” behaviour does not occur for materials with a linear isotherm 
like silica gel or classical zeolites, though large Δ𝑇𝑇thr Δ𝑇𝑇lft⁄ -ratios are required to allow 
for sufficient uptake resulting in a difficult trade-off between compactness and 
efficiency: A large Δ𝑇𝑇thr makes efficiency more susceptible to high specific thermal 



2. Fundamentals 

57 

masses of the Ad-HX (𝐶𝐶AdHX 𝑚𝑚s⁄  in Eq. (55)), which on the other hand results from 
power-increasing heat exchanger surface enhancements. 

Some metalaluminophosphates exhibit S-shaped isotherms at relative pressures 
useful for AHT applications. Though more expensive in synthesis, the Chabazite-type 
silicoaluminophosphate SAPO-34, commercialized as AQSOA FAM-Z02 (Mitsubishi 
Chemicals), is commercialised currently for AHT applications with Δ𝑇𝑇thr ≥ 40 K 
(Wittstadt et al., 2017). The AFI-type aluminophosphate AlPO4-5 is under investigation 
for applications requiring lower temperature lifts (and where lower thrusts are 
available) (Henninger et al., 2017).  

In the following two classes of discrete sorption materials are described in details. 

2.4.1 Metal–organic frameworks 

The most recent class of materials taken into account for AHT applications are metal–
organic frameworks (MOFs), porous coordination polymers consisting of metal clusters 
with organic ligands forming a crystalline porous structure (Henninger et al., 2012). 
MOFs have attracted considerable research interest in recent years with numerous new 
materials, exhibiting a preferable S-shape isotherm with high uptakes in an interesting 
relative pressure range for AHT, and providing the required stability under application 
conditions. Despite the favourable adsorption properties, MOFs have yet to reach 
commercially viable prices for actual applications. 

Aluminium fumarate, a MOF that attracted increasing interest for thermal 
applications in recent years, exhibits water adsorption equilibrium properties that fit 
well to the boundary conditions of adsorptive data centre cooling (Lenzen et al., 2019). 
Earlier work at Fraunhofer ISE has proven a high hydrothermal cycle stability (Jeremias 
et al., 2014; Kummer et al., 2017b). Under the temperature conditions depicted in Figure 
3 aluminium fumarate undergoes the full uptake step of about 0.3 kg/kg (Jeremias et al., 
2014) compared to little more than 0.1 kg/kg for silica gel. This advantage may be used 
to reduce the amount of adsorbent or to increase the power density by e.g. shorter cycles 
(Schnabel et al., 2018). The material is potentially a low-cost material due to widely 
available educts (Al-salts and fumaric acid) and water based synthesis route (Kiener et 
al., 2009).  

Aluminium fumarate has been successfully processed with a polysiloxane-based 
binder into Ad-HX coatings (Kummer et al., 2017b), which serve as a model adsorbent 
composite investigated in this work.  

The structure of the microporous aluminium fumarate has been analysed by Rietveld 
refinement (Alvarez et al., 2015). It exhibits a regular pore structure with 1D channels 
(Figure 7). Chains of Al(OH) octahedrals are connected by fumarate linkers in the 
𝑐𝑐𝑏𝑏-plane forming one-dimensional pores with a rhombic cross-section of about 
5.7 × 6.0 Å2. Water molecules with a diameter of about 3 AÅ  may diffuse through these 
channels, interacting with the channel walls and each other through hydrogen bonds. In 
the fully hydrated state, the predicted distance between the water molecules is similar to 
that of bulk water. 

Alvarez at al. estimated the volume of a fully hydrated unit cell, consisting of four 
Al(OH) octahedral (𝑚𝑚 = 4 ⋅ 44.0 u) and four fumarate C4O4H2 linkers (𝑚𝑚 = 4 ⋅ 114.1 u), 
to 990 AÅ 3, yielding an apparent dry density of the aluminium fumarate crystals of 
𝜌𝜌 = 1.06 g/cm3 (compared to, e.g., 1.50 g/cm3 for SAPO-34 (Füldner, 2015), and 
1.75 g/cm3 for AlPO4-5 (Qiu et al., 1989; Kolokathis, 2020)). This value does not account 
for adsorption induced shrinking or swelling, nor for any defects or impurities. A unit 
cell, consisting of four asymmetric units, is fully hydrated with 14 water molecules, 
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which gives a theoretical maximum loading of about 0.40 kg/kg or 0.42 kg/l at 
micropore level (compared to, e.g., 0.2 kg/kg or 0.3 kg/l for SAPO-34 (Füldner, 2015), 
and 0.15 kg/kg or 0.26 kg/l for AlPO4-5 (Pillai & Jasra, 2010)).  

The reported adsorption equilibrium (Figure 8) has a coarse resolution in the 
relevant region of the uptake step and shows inconsistent hysteresis phenomena at 
different temperatures, which is most likely related to either experimental artefacts 
(Rouquerol & Rouquerol, 2014), or capillary condensation in mesopores at high relative 
pressures (Kast, 1988) that are irrelevant to all AHT applications regarded here. 
Therefore, detailed measurements of the water adsorption equilibrium as relevant for 
application will be presented in this work (c.f. Section 5.1). 

 

Figure 7: Structure of aluminium fumarate with 
1D channels along the 𝑎𝑎-axis (Karmakar et al., 
2016) 
Reprinted from Karmakar et al., 2016 with permission from Elsevier. 

 

Figure 8: Water dasorption equilibrium of aluminium 
fumarate (Jeremias et al., 2014) with isotherms at 
25 °C (█), 40 °C (●) and 60 °C (▲), and isobars at 12 
mbar ( ) and 56 mbar ( ) (filled symbols: 
adsorption, empty symbols: desorption) 

2.4.2 Hygroscopic salts 

Hygroscopic salts are an additional material class for AHT that have a fundamentally 
different behaviour. Refrigerant molecules, mainly water but also ammonia or methanol, 
are built into the crystalline structure rather than adsorbed on the inner surface. During 
this sorption process the crystalline structure is broken up completely, and eventually 
dissolved, when reaching high relative pressures (the deliquescence relative humidity). 
Hydration to solid hydrates or the saturated solution takes place in steps, which results 
in favourable perfect steps in the isotherm, the location of which depends on the salt and 
the hydration level. The instability of the (micro)geometry throughout the process poses 
a major problem for application in AHT that has motivated the development of a class of 
composite materials: salt impregnated porous matrices (Gordeeva & Aristov, 2012). An 
overview of different salts and their suitability for AHT from a thermodynamic point of 
view has been presented at the Heat Powered Cycles conference (Laurenz et al., 2016). 

⬟ ⬟ 

c by Jeremias et al., 2014 / CC BY-NC 3.0 

https://creativecommons.org/licenses/by-nc/3.0/
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3. Theory and Model 

This chapter comprises the two theoretical contributions of this work: firstly, the 
identification of heat and mass transfer (HMT) parameters based on the frequency 
response analysis (FRA), with a focus on detailed heat transfer modelling and rigorous 
assessment of the parameter confidence levels, and, secondly, the development of the 
concept of effective thermal resistances, as a simplified method to roughly estimate 
performance indicators on application level directly from these transfer parameters. For 
both parts a distinct theoretical framework is established and applied to a set of specific 
HMT models with their respective transfer parameters. 

3.1 Frequency Response Analysis 

The FRA consists of three components (Figure 9): Experiments, mathematical transfer 
models with solutions under FR boundary conditions, and the combination of both in a 
fitting procedure, the parameter identification (PI). Typically, the results in the 
frequency domain cannot be directly interpreted without model comparison. In this 
section, the transfer models with their analytical solutions and the PI procedure will be 
developed; the experimental part follows in the next chapter.  

From the different FRA methods (c.f. Section 2.2.3.2), a volume swing FRA is 
employed for the state-dependent determination of the heat and mass transfer 
processes. This is part of a comprehensive approach that also allows obtaining 
adsorption equilibria and adsorption enthalpies, alongside with the sorption dynamics, 
in a single measurement procedure that will be detailed in the next chapter (Section 4.2). 
The FRA is enhanced with an additional measurement of the surface temperature 
response to the temperature frequency response (TFR). Prior applications of the TFR 
principally aimed at mass transfer measurements, where the disturbing heat effect was 
to be corrected (c.f. Section 2.2.3.2). Here, with AHT as motivating application, the 
temperature response is even more important, as it allows assessing the heat transfer 
mechanism in detail, which may be at least as relevant as the mass transfer. 

The approach and the models presented in the following, including the analytical 
solutions, have been published separately before (Laurenz et al., 2021). 

Physical HMT-Model

Determine unknown 
parameter by fitting

Analytical Solution 
(for FR boundary 

conditions)

Measured 
Frequency Response

 

Figure 9: Principal approach of FRA-based parameter identification 
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Figure 10: Measuring chamber with principal quantities for FRA: The chamber volume is varied, while the 
chamber temperature is kept constant (𝑇𝑇 = 𝑇𝑇0) and the responses of the sample surface temperature 𝑇𝑇srf 
and the chamber pressure 𝑝𝑝ch are measured. 

3.1.1 Modelling framework 

Adsorption dynamic modelling for FRA may be structured into a modelling frame work, 
which comprises the overall mass and energy balances of the sample in the measuring 
chamber (c.f. Figure 10), and the actual heat and mass transfer models, describing the 
transport processes inside the sample. The modelling framework is independent of the 
actual HMT model and defines the boundary conditions of the latter. 

Both, the framework and the HMT models are derived in the Laplace domain in order 
to allow for a direct comparison between the measured and the model-predicted 
responses in the frequency domain. The response quantities of interest for this 
comparison are the pressure of the measuring chamber 𝑝𝑝ch and the sample surface 
temperature 𝑇𝑇srf. Both quantities respond with sinusoidal signals to the, again 
sinusoidal, excitation of the measuring chamber volume 𝑉𝑉 (for readability the index “ch” 
is omitted for the volume in this section). The responses depend only on the excitation 
frequency and the thermodynamic state of the system. All three quantities, the volume 
excitation, the pressure response and the temperature response, can be expressed as a 
complex quantities, where by definition the phase shift (and thus the imaginary part) of 
the excitation is zero. The frequency response is the evolution of these complex 
responses over the excitation frequency. To predict the frequency responses of 𝑝𝑝ch and 
𝑇𝑇srf directly from the 𝑉𝑉ch excitation for a given thermodynamic state is the overall aim of 
the FR modelling. 

The modelling framework used here is mainly based on the transfer function 
approach suggested by Wang and LeVan (2011). The principal assumptions are: 

1. Perturbations of the loading, pressure/concentration and temperature are 
sufficiently small to allow the linearization of all equations with constant 
coefficients. These coefficients are assumed local for the given mean state but 
may be different for different mean state, i.e. different experiments. 

2. The pressure distribution in the chamber is uniform. 
3. The temperature of the gas in the chamber is constant and equal to the 

temperature of the sample support.  
4. Adsorption occurs only on the sample and not on the chamber walls. 
5. The chamber contains a pure working fluid atmosphere (single component 

adsorption). 
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6. The sample volume is very small compared to the chamber volume, thus the 
volume displaced by the sample can be neglected. 

7. The gas may be described as ideal gas which is a very good approximation for 
water in the pressure (< 100 mbar) and temperature (20–100 °C) region of 
interest here. In principle, the models can be extended by different equations of 
state that are locally linearized. This might be relevant, e.g., for high temperature 
application, or working fluids, operated in a higher pressure range, like ammonia. 

Non-ideal effects contradicting assumptions 2–4 are accounted for in the experiments 
by applying a pressure correction (see Section 4.2.3.2). 

The derivations start with the mass balance of the measurement chamber, which is to 
be related to the quantities of interest and transformed into the Laplace domain. The 
balance in the time domain is 

 
0 =

d𝑋𝑋�
d𝑡𝑡

𝑚𝑚s +
d𝑚𝑚g

d𝑡𝑡
, (58) 

where 𝑋𝑋� denotes the average loading of the sample (mass of adsorbed working fluid per 
mass of dry adsorbent), 𝑚𝑚s the mass of dry adsorbent, and 𝑚𝑚g the gas mass in the 
chamber. With ideal gas law and constant gas temperature 𝑇𝑇0 this becomes:  

 
0 =

d𝑋𝑋�
d𝑡𝑡

𝑚𝑚s +
d
d𝑡𝑡 (𝑝𝑝ch𝑉𝑉)

𝑅𝑅w𝑇𝑇0
 

=
d𝑋𝑋
d𝑡𝑡

𝑚𝑚s +
1

𝑅𝑅w𝑇𝑇0
�𝑉𝑉

d𝑝𝑝ch
d𝑡𝑡

 + 𝑝𝑝ch
d𝑉𝑉
d𝑡𝑡 �

. 

(59) 

For a non-ideal gas with the real gas factor 𝑧𝑧 = 𝑝𝑝𝑉𝑉 (𝑛𝑛𝑅𝑅𝑇𝑇)⁄ = 𝑓𝑓(𝑝𝑝0,𝑇𝑇0), 𝑅𝑅w may be 
replaced by 𝑧𝑧𝑅𝑅w in Eq. (59) and throughout all equations presented in the following. 

As the sample volume is about three orders of magnitude smaller than the chamber 
volume, its effect on the gas phase volume, and thus on the mass balance, may be 
neglected here. This simplification is especially valid for the low pressure regime 
considered here. For the same reasons, the amount of gas in the macropores of the 
sample is not accounted for separately. 

A key element of the FR modelling is the transformation of all time-variable quantities 
into the Laplace domain. To do so, the variables are first expressed as deviations from 
the temporal mean (index 0) with 

 𝑋𝑋�(𝑡𝑡) = 𝑋𝑋(𝑡𝑡) − 𝑋𝑋0 
�̂�𝑝(𝑡𝑡) = 𝑝𝑝(𝑡𝑡) − 𝑝𝑝0 
�̂�𝑐(𝑡𝑡) = 𝑐𝑐(𝑡𝑡) − 𝑐𝑐0 
𝑇𝑇�(𝑡𝑡) = 𝑇𝑇(𝑡𝑡) − 𝑇𝑇0 

(60) 

and then Laplace transformed (𝑋𝑋�(𝑠𝑠) = ℒ�𝑋𝑋�(𝑡𝑡)�). Thus, the Laplace transformed mass 
balance is 
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 0 = 𝑠𝑠𝑋𝑋��𝑚𝑚s +
1

𝑅𝑅w𝑇𝑇0
�𝑉𝑉0𝑠𝑠𝑝𝑝�ch  + 𝑝𝑝0𝑠𝑠𝑉𝑉��, (61) 

where the Laplace transformation of a time derivative (𝑠𝑠𝑍𝑍� = ℒ(d𝑍𝑍 d𝑡𝑡⁄ ), for an arbitrary 
variable 𝑍𝑍) is applied. This elimination of the time derivatives significantly simplifies the 
mathematically modelling, which is one of the fundamental advantages of the FRA. 

The mass balance can be explicitly solved for the requested relation between the 
chamber pressure 𝑝𝑝�ch and volume 𝑉𝑉�ch, called the pressure volume transfer function 

 
𝐺𝐺𝑝𝑝𝑝𝑝(𝑠𝑠) =

𝑝𝑝�ch
𝑉𝑉�

= −�
𝑋𝑋��

𝑉𝑉�
𝑚𝑚s𝑅𝑅w𝑇𝑇0

𝑉𝑉0
+
𝑝𝑝0
𝑉𝑉0
� 

= −�𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠)
𝑚𝑚s𝑅𝑅w𝑇𝑇0

𝑉𝑉0
+
𝑝𝑝0
𝑉𝑉0
�. 

(62) 

That allows calculating the pressure response directly from known constants and the 
loading volume transfer function 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) = 𝑋𝑋�� 𝑉𝑉�⁄ , i.e. the complex ratio between the 
average loading and the volume excitation. The form of 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) depends on the actual 
HMT model that will be introduced in the next section. 

For the overall energy balance of the sample, the same approach is used as done by 
other authors (Sun & Bourdin, 1993; Wang & LeVan, 2011), assuming an effective heat 
transfer coefficient ℎ between the adsorbent, which has the temperature 𝑇𝑇btm at the 
interface, and the support, which is constantly at the mean temperature 𝑇𝑇0. Convective or 
radiative heat transfer at the adsorbent surface is neglected. The energy balance is then 

 
𝑚𝑚s𝑐𝑐𝑝𝑝

d𝑇𝑇�
d𝑡𝑡

= 𝑚𝑚sΔℎs
d𝑋𝑋�
d𝑡𝑡

− 𝐴𝐴ℎ(𝑇𝑇btm − 𝑇𝑇0) (63) 

with the adsorbent mass specific heat capacity 𝑐𝑐𝑝𝑝, the enthalpy of adsorption Δℎs and 
the sample surface area 𝐴𝐴 (i.e. the reference surface for ℎ). Laplace transformation with 
deviation variables as above yields: 

 𝑚𝑚s𝑐𝑐𝑝𝑝𝑠𝑠𝑇𝑇�� = 𝑚𝑚sΔℎs𝑠𝑠𝑋𝑋�� − 𝐴𝐴ℎ𝑇𝑇�btm. (64) 

For models assuming a homogeneous temperature distribution, all temperatures are 
equal (𝑇𝑇� = 𝑇𝑇�� = 𝑇𝑇�btm) and Eq. (64) simplifies to the form used by Wang & LeVan (2011) 
that can be solved for 𝑇𝑇�directly. This allows formulating the temperature loading 
transfer function 

 
𝐺𝐺𝑇𝑇𝑇𝑇(𝑠𝑠) =

𝑇𝑇�

𝑋𝑋��
=

𝑚𝑚sΔℎs𝑠𝑠
𝑚𝑚s𝑐𝑐𝑝𝑝𝑠𝑠 + 𝐴𝐴ℎ

, (65) 
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which is independent of the actual HMT model. The formulation of 𝐺𝐺𝑇𝑇𝑇𝑇(𝑠𝑠) is slightly 
different from Wang & LeVan (2011), but more convenient for the calculation of the 
measured temperature and pressure response directly from 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠):  

 𝑇𝑇� = 𝐺𝐺𝑇𝑇𝑇𝑇(𝑠𝑠)𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠)���������
𝐺𝐺𝑇𝑇𝑇𝑇(𝑠𝑠)

𝑉𝑉�  (66) 

 𝑝𝑝� = −�𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠)
𝑚𝑚s𝑅𝑅w𝑇𝑇0

𝑉𝑉0
+
𝑝𝑝0
𝑉𝑉0
�

�����������������
𝐺𝐺𝑝𝑝𝑇𝑇(𝑠𝑠)

𝑉𝑉� . (67) 

Thus, 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) is the central transfer function (called a “master curve” by Wang et al.), 
from which both responses can be computed irrespective of the actual model. 

However, in cases where the assumption of a homogeneous temperature distribution 
for Eq. (65) does not apply, a direct formulation for 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠), and likewise for 𝐺𝐺𝑝𝑝𝑝𝑝(𝑠𝑠), will 
be required. The reduction to a single transfer function 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) is not possible anymore. 
𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) (or 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) and 𝐺𝐺𝑝𝑝𝑝𝑝(𝑠𝑠)) may be computed directly from constants (transport 

parameters as well as material and setup properties) and the complex variable 𝑠𝑠 
according to analytical model solutions that will be derived in the following section. With 
𝑠𝑠 = 𝑗𝑗2𝜋𝜋𝑓𝑓 this allows calculating the pressure and temperature FR that can be fitted to 
the experimental results.  

For comparison and transfer to pressure swing FR or in order to use available models 
here, the loading volume transfer function 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) may be converted to Wang’s 
“adsorbed-phase transfer function” 𝐺𝐺𝑛𝑛(𝑠𝑠) = �𝑋𝑋� 𝑀𝑀⁄ � 𝑝𝑝�⁄  with Eq. (62): 

 
𝐺𝐺𝑛𝑛(𝑠𝑠) =

1
𝑀𝑀
𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) = −

1
𝑀𝑀
𝑉𝑉0
𝑝𝑝0
�
𝑚𝑚s𝑅𝑅w𝑇𝑇0
𝑝𝑝0

+ 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠)−1�
−1

, (68) 

or, vice versa,: 

 
𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) = −𝑝𝑝0 �

𝑉𝑉0
𝑀𝑀
𝐺𝐺𝑛𝑛(𝑠𝑠)−1  + 𝑚𝑚𝑠𝑠𝑅𝑅𝑤𝑤𝑇𝑇0�

−1

. (69) 

While, in this work, the pressure response 𝑝𝑝�ch is used directly for parameter 
identification purposes, other data reporting formats are found in literature. Especially 
in older literature, authors have reported normalised FR results as “in-phase and out-of-
phase components” of the pressure (Jordi & Do, 1993; Sun et al., 1993; Sun et al., 1994; 
Bourdin et al., 1996b):  

 
𝛿𝛿in − 𝑖𝑖𝛿𝛿out =

1
𝛽𝛽 �

𝑝𝑝0
𝑝𝑝�
− 1�

𝑉𝑉�
𝑉𝑉0

. (70) 

The dimensionless quantity 𝛽𝛽 describes the ratio of equilibrium mass changes in the 
sorbent and in the gas phase induced by a pressure change at mean volume: 



3. Theory and Model 

64 

 
𝛽𝛽 =

𝜕𝜕𝑚𝑚a 𝜕𝜕𝑝𝑝⁄
𝜕𝜕𝑚𝑚g,0 𝜕𝜕𝑝𝑝⁄  =

𝑅𝑅𝑤𝑤𝑇𝑇
𝑉𝑉0

𝑚𝑚𝑠𝑠
𝜕𝜕𝑋𝑋
𝜕𝜕𝑝𝑝

. (71) 

Care must be taken when comparing results, as, in at least one publication (Sun & 
Bourdin, 1993), 𝛽𝛽 is omitted in the definition of 𝛿𝛿in and 𝛿𝛿out. 

3.1.2 Heat and mass transfer models 

The HMT models describe the adsorption dynamics inside the sample with different ODE 
and PDE approaches, depending on the relevant transport processes occurring or 
expected inside the adsorbent or the adsorbent composite (c.f. Section 2.2). The 
modelling approaches are based on different levels of simplifications, mainly regarding 
lumping, isotropy and symmetry. By comparing different plausible models to the 
experimental data, the relevant transport mechanisms can be identified alongside with 
the respective transport parameters. Typically, HMT models need to take into account 
strongly non-linear effects associated with adsorption dynamics, which typically 
requires numerical methods to solve. However, with the local linearity assumed above, 
and the transformation in the Laplace domain, analytical solutions may often be derived 
for FRA conditions. 

In literature, most authors focus on isothermal models, which are simpler but 
irrelevant to the purpose of this work, while only few solutions are available for non-
isothermal conditions. Analytical solutions, in a form of complex transfer function 
convertible to 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠), are available for two non-isothermal cases with different 
complexity in the mass transfer modelling (Wang & LeVan, 2011): 

a) “0DHT_LDF”: lumped (zero dimensional) heat transfer with LDF-
approximated overall mass transfer,  

b) “0DHT_miD_3D”: lumped heat transfer with isotropic micropore diffusion in 
radial symmetric spheres (not applicable for aluminium 
fumarate).  

For the modelling of macropore diffusion in even layers of adsorbent coating and intra 
crystalline (micropore) diffusion in anisotropic materials with a single preferred 
diffusion direction, like aluminium fumarate (c.f. Section 2.4.1), the diffusion equation 
needs to be solved on an even-plate (or slab) geometry. Moreover, to model the heat 
transfer in a thick coating, a 1D heat transfer model, with conductive heat transfer and 
contact resistance, is required. 

For this work, the FR solutions for differently simplified models were developed that 
are all plausible for the adsorption dynamics in a binder based coating of aluminium 
fumarate (c.f. Figure 11): 

c) “0DHT_miD”: lumped heat transfer with micropore diffusion on a 
slab geometry (homogeneous concentration in the 
macropores and homogeneous temperature in the 
coating), 

d) “0DHT_maD”: lumped heat transfer with macropore diffusion on flat 
plate geometry (homogeneous loading in the crystals 
and homogeneous temperature in the coating),  
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e) “0DHT_maD_LDF”: lumped heat transfer with macropore diffusion 
combined with a LDF-approximated micro-scale mass 
transfer (homogeneous temperature in the coating) 

f) “1DHT_miLDF”: heat conduction in the coating with a thermal contact 
resistance to the support and with a LDF-
approximated micro-scale mass transfer, neglecting 
macropore diffusion (same concentration throughout 
the macropores as in the measurement chamber) 

A computer algebra system (CAS) was used (Wolfram Mathematica®) to efficiently 
solve the systems of ODEs and/or PDEs. The final solutions are summarized together 
with the models from Wang and LeVan in Table 1 in the form of the transfer function 
𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠). For the detailed derivations please refer to Appendix A.2. 

An additional model approach is the combination of model e) and f). This would 
require a simultaneous space discretization of both, conductive heat transfer and 
macropore diffusion, which could be solved analytically in principle. However, the 
straight forward approach, applied for the other cases, fails to produce useful results and 
is therefore omitted here. The solutions obtained by CAS are so fragmented and 
extensive that numerical evaluations run into large rounding errors. These approaches 
are typically found as non-linear models, solved with finite element methods in the time 
domain (as e.g. in Yong & Sumathy, 2002; Füldner, 2015; Velte et al., 2017). Numerical 
solutions in the frequency domain are out of scope of this work and are not pursued 
here. The same applies to non-straightforward CAS-based approaches (Sun & Meunier, 
1987), which are left for future studies. 

 

Figure 11: Different non-isothermal approaches for adsorption kinetic modelling with boundary 
conditions. FR solutions for a) and b) are literature-available (Wang & LeVan, 2011), c)–d) are developed 
in this work (HT: heat transfer, miD: micro diffusion, maD: macro diffusion, LDF: linear driving force) 
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Table 1: Summary of FR-model solutions used and/or developed within the scope of this work (HT: heat 
transfer, miD: micro diffusion, maD: macro diffusion, LDF: linear driving force) 

Model Loading volume transfer function 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) = 𝑋𝑋�� 𝑉𝑉�⁄  Reference 
a) Lumped HT + 
LDF −

𝐾𝐾𝑝𝑝𝑝𝑝0
𝑉𝑉0

�
𝑠𝑠

𝑘𝑘LDF
+ 1 +

𝐾𝐾𝑝𝑝𝑚𝑚s𝑅𝑅w𝑇𝑇0
𝑉𝑉0

−
𝑠𝑠
𝛽𝛽
�
−1

 

with 𝛽𝛽 = �𝐴𝐴ℎ + 𝑐𝑐𝑝𝑝𝑚𝑚s𝑠𝑠� (Δℎs𝐾𝐾𝑇𝑇𝑚𝑚s)⁄  

Wang & 
LeVan 
(2011) 

b) Lumped HT + 
spherical miD −

𝐾𝐾𝑝𝑝𝑝𝑝0
𝑉𝑉0

�
𝑠𝑠

3𝑘𝑘mi
��

𝑠𝑠
𝑘𝑘mi

coth��
𝑠𝑠
𝑘𝑘mi

�  −  1�

−1

+
𝐾𝐾𝑝𝑝𝑚𝑚s𝑅𝑅w𝑇𝑇0

𝑉𝑉0
−
𝑠𝑠
𝛽𝛽
�

−1

 

with 𝑘𝑘mi = 𝐷𝐷mi 𝑟𝑟2⁄  and 𝛽𝛽 as above 

Wang & 
LeVan 
(2011) 

c) Lumped HT + 
even miD −

𝐾𝐾𝑝𝑝𝑝𝑝0
𝑉𝑉0

��
𝑠𝑠
𝑘𝑘mi

coth��
𝑠𝑠
𝑘𝑘mi

� +
𝑚𝑚s𝐾𝐾𝑝𝑝𝑅𝑅w𝑇𝑇0

𝑉𝑉0
−
𝑠𝑠
𝛽𝛽
�

−1

 

with 𝑘𝑘mi, 𝛽𝛽 as above 
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A.2.1 

d) Lumped HT + 
even maD −

𝐾𝐾𝑝𝑝𝑝𝑝0
𝑉𝑉0

��
𝑠𝑠
𝑘𝑘ma

(1 + 𝛼𝛼) �1 −
𝑠𝑠

𝛽𝛽(1 + 𝛼𝛼)� coth��
𝑠𝑠
𝑘𝑘ma

(1 + 𝛼𝛼)�

+ 𝛼𝛼 �
𝜀𝜀P𝑚𝑚s

𝜌𝜌eff𝑉𝑉0
−

𝑠𝑠
𝛽𝛽(1 + 𝛼𝛼)��

−1

 

with 𝛼𝛼 = 𝐾𝐾𝑝𝑝𝜌𝜌eff𝑅𝑅w𝑇𝑇0 𝜀𝜀P⁄ , 𝑘𝑘ma = 𝐷𝐷ma 𝑑𝑑2⁄  and 𝛽𝛽 as above 
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e) Lumped HT + 
even maD + 
micro LDF 

−
𝐾𝐾𝑝𝑝𝑝𝑝0
𝑉𝑉0

��
𝑠𝑠
𝑘𝑘ma

𝛼𝛼 + 𝛾𝛾
𝛾𝛾

 𝛾𝛾 �1 −
𝑠𝑠

𝛽𝛽(𝛼𝛼 + 𝛾𝛾)� coth��
𝑠𝑠
𝑘𝑘ma

𝛼𝛼 + 𝛾𝛾
𝛾𝛾

�

+ 𝛼𝛼 �
𝜀𝜀P𝑚𝑚s

𝜌𝜌eff𝑉𝑉0
−

𝑠𝑠
𝛽𝛽(𝛼𝛼 + 𝛾𝛾)��

−1

 

with 𝛾𝛾 = 1 + 𝑠𝑠 𝑘𝑘LDF⁄  and 𝛼𝛼, 𝛽𝛽, 𝑘𝑘ma as above  
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f) Even HT + 
micro LDF 

𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) is not usefull in this case. 𝐺𝐺𝑝𝑝𝑝𝑝(𝑠𝑠) and 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) are given 
separately in the reference. 
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3.1.3 Parameter identification 

A generalised weighted least squares method is applied to estimate the parameters for 
heat and mass transfer, as schematically summarised in Figure 12. The best estimate for 
the parameter vector 𝑷𝑷 (denoted as 𝑷𝑷�) is gained by minimising the error functional 
𝐸𝐸(𝑷𝑷): 

 𝐸𝐸�𝑷𝑷�� = min𝐸𝐸(𝑷𝑷) 

= min�
1
𝑁𝑁
��𝒚𝒚𝑓𝑓𝑖𝑖(𝑷𝑷) − 𝒚𝒚𝑓𝑓𝑖𝑖

𝐞𝐞𝐞𝐞𝐞𝐞�
T
𝑾𝑾𝑖𝑖 �𝒚𝒚𝑓𝑓𝑖𝑖(𝑷𝑷) − 𝒚𝒚𝑓𝑓𝑖𝑖

𝐞𝐞𝐞𝐞𝐞𝐞�

𝑁𝑁𝑓𝑓

𝑖𝑖=1

 
(72) 

with the model result 𝒚𝒚𝑓𝑓𝑖𝑖(𝑷𝑷) (c.f. Sections 3.1.1 and 3.1.2) and the experimental result 
𝒚𝒚𝑓𝑓𝑖𝑖
exp (c.f. Section 4.2) for frequency 𝑓𝑓𝑖𝑖 . Here all 𝒚𝒚 have four real-valued entries, i.e. 

separate entries for real and imaginary part of the pressure and temperature response. 
This is equivalent to the recommended multiplication of the complex-valued error with 
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it complex conjugate (Bohn & Unbehauen, 2016) but has the advantage of allowing 
different weights for real and imaginary part. The total number of observations is 
𝑁𝑁 = 4𝑁𝑁𝑓𝑓 .  

Inputs
𝒖𝒖(𝑓𝑓)
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Experiment

Model
Parameters 
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Figure 12: Schematic representation of the parameter identification procedure 

Weighing is based on the inverse of the estimated standard measurement uncertainty 
of the response variable (c.f. Section 4.2.4.1) as recommended by e.g. Bohn & Unbehauen 
(2016) or Marsili-Libelli (2016). To avoid a bias in favour of the pressure signal arising 
from its generally lower uncertainty an equilibration between the pressure and 
temperature signal is applied. The weighing matrix is  

 𝑾𝑾𝑓𝑓𝑖𝑖 = diag �𝑤𝑤Re�𝑝𝑝�𝑓𝑓𝑖𝑖�
,𝑤𝑤Im�𝑝𝑝�𝑓𝑓𝑖𝑖�

,𝑤𝑤Re�𝑇𝑇�𝑓𝑓𝑖𝑖�
,𝑤𝑤Im�𝑇𝑇�𝑓𝑓𝑖𝑖�

� (73) 

with the individual weights 

 
𝑤𝑤𝑘𝑘𝑓𝑓𝑖𝑖

= �
1
𝜎𝜎𝑘𝑘𝑓𝑓𝑖𝑖

𝜎𝜎𝒌𝒌���
max(𝒌𝒌exp) − min(𝒌𝒌exp)�

2

. (74) 

The second term normalises the individual weights with the mean uncertainty 𝜎𝜎𝒌𝒌��� 
relative to the range of the experimental results. With this approach each (real-valued) 
response vector 𝒌𝒌 ∈ �Re(𝒑𝒑�), Im(𝒑𝒑�), Re�𝑻𝑻��, Im�𝑻𝑻��� is equally emphasised (weighted with 
the inverse range) while data points of individual frequencies within one response 
vector are weighted according to their significance (with the inverse of 𝜎𝜎𝑘𝑘𝑓𝑓𝑖𝑖 𝜎𝜎𝒌𝒌���⁄ ). The 
weights have the squared inverse unit of the actual measurand (e.g. 1 Pa2⁄  and 1 K2⁄ ) 
and thus ensure a non-dimensional error functional. 

The value of 𝐸𝐸�𝑷𝑷�� can be regarded as an average relative deviation between the best 
fitting model and the experiment of all 𝑁𝑁 observations and is as such a meaningful value 
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for result interpretation. For constant uncertainties (𝜎𝜎𝑘𝑘𝑓𝑓𝑖𝑖 = 𝜎𝜎𝒌𝒌���) the error functional is 
equal to the root mean square deviation (RMSD) normalized with the range which has 
been used earlier as a “coefficient of variance” (Velte et al., 2017) or “coefficient of 
variation” (Lanzerath, 2013)4 for the calibration of different adsorption models.  

The minimisation problem Eq. (72) needs to be solved numerically. The Levenberg–
Marquardt algorithm (Levenberg, 1944; Marquardt, 1963) implemented in R as nls.lm() 
(Elzhov et al., 2016) proved to be a reliable and efficient solution. 

An additional measure for the quality of the identified parameters is the confidence 
region, i.e. the set of parameters in which the true parameters are expected with a 
certain probability. For a single parameter this is simply the confidence interval, whereas 
for two or three parameters, the confidence region becomes two or three dimensional. 
The uncertainties of different parameters are typically not independent from each other. 
Marsili-Libelli (2003; 2016) proposes to base the confidence regions on the contours of 
𝐸𝐸(𝑷𝑷) which will be employed in this work. He relates the degree of confidence of given 
set of parameters 𝑷𝑷 to the difference between the error functional at this point in the 
𝑷𝑷-space and to the minimum of the error functional: 

 Δ𝐸𝐸(𝛼𝛼) = 𝐸𝐸(𝑷𝑷) − 𝐸𝐸�𝑷𝑷�� = 𝐸𝐸�𝑷𝑷��
𝑛𝑛p

𝑁𝑁 − 𝑛𝑛p
𝐹𝐹𝑛𝑛p,𝑁𝑁−𝑛𝑛p
𝛼𝛼 , (75) 

where 𝑛𝑛p = dim(𝑷𝑷) and 𝐹𝐹𝑛𝑛p,𝑁𝑁−𝑛𝑛p
𝛼𝛼  is the upper 𝛼𝛼 critical level of the 𝐹𝐹-distribution5 with 

the degrees of freedom 𝑛𝑛p and 𝑁𝑁 − 𝑛𝑛p. To find the 68% confidence region 𝐸𝐸(𝑷𝑷), which is 
comparable to the standard uncertainties reported for direct measurements, a 
parameter variation around 𝑷𝑷� is performed and the level 𝐸𝐸�𝑷𝑷�� + Δ𝐸𝐸(𝛼𝛼 = 0.32). For 
presentations of results with only one of the two parameters, simplified standard 
confidence limits for each parameter will be used. These are based on the outer extend 
of the 68% confidence region, as depicted in Figure 13.  

This approach takes into account, three aspects:  
1. the deviation between model and experiment in the form of the residual error 

𝐸𝐸�𝑷𝑷��,  
2. the statistical power of the experiment through the second factor in Eq. (75), and  
3. the sensitivity of the identification procedure with respect to the parameters 

through the extent of the confidence region corresponding to a given value of 
𝐸𝐸�𝑷𝑷�� + Δ𝐸𝐸 or, in other words, the “flatter” the form of 𝐸𝐸(𝑷𝑷), the larger the 
confidence region and, thus, the simplified confidence intervals of the 
parameters. 

Alternatives to this direct calculation of the confidence region are approximation 
methods, which are based on the local partial derivatives at 𝑷𝑷� of either 𝒚𝒚(𝑷𝑷) (Fisher 
information matrix) or 𝐸𝐸(𝑷𝑷) (Hessian matrix). These are less computationally expensive 
as they do not require the calculation of 𝐸𝐸(𝑷𝑷) on a large grid of values (Marsili-Libelli et 
al., 2003; Marsili-Libelli, 2016). However in the case of this work, they turned out to be 
not useful: Approximated regions often include negative, physically meaningless values 
for the estimated transport parameters, which is due to the strongly non-linear nature of 
the models and the relatively large uncertainty regions. 
                                                        
4 Lanzerath  used the arithmetic mean to normalise the RMSD of an always positive heat flow. In the case 

here the mean is not applicable as positive and negative values occur, thus the mean might be close to 
zero. 

5 The quantiles of the 𝐹𝐹-distribution are in available in R as qf(1 - alpha, np, N - np). 
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Figure 13: Schematic contour plot of the error functional 𝐸𝐸(𝑷𝑷) for the simultaneous identification of two 
parameters. The standard (68%) confidence region is highlighted with the definition of confidence limits 
used for simplified result presentation.  

3.2 Concept of Effective Thermal Resistances 

The concept of effective thermal resistances aims to provide a simplified design method 
for Ad-HX in the form of the basic heat exchanger design rule �̇�𝑄 = Δ𝑇𝑇 𝑅𝑅⁄ , where 
𝑅𝑅 = (𝑈𝑈𝐴𝐴)−1 is the overall heat transfer resistance. The external temperature levels of the 
target application are combined with the sorption equilibrium properties of the working 
pair to a meaningful driving temperature difference Δ𝑇𝑇drv, and the HMT properties to the 
effective thermal resistance 𝑅𝑅eff. Both are combined to the expected heat flow in order to 
estimate the performance indicators without any empiric information about the 
characteristic time (c.f. Figure 14). This is an extension of the existing approach used for 
the empirical quantitative comparison of heat and mass transfer effects in the analysis of 
time domain experiments (Velte et al., 2017; Ammann et al., 2018) as will be discussed 
in the next section.  

From the parameters used to describe the different HMT processes that occur in 
Ad-HXs, it is typically not possible to directly judge the practical relevance of these 
different processes nor the expected overall performance. Classically, the performance of 
an Ad-HX, especially in terms of SCP, is based on estimations of the heat flow from 
characteristic times Δ𝑡𝑡 and uptakes Δ𝑋𝑋 (c.f. Eq. (57)), which both need to be obtained in 
the time domain either by simulations or by experiments, carried out for every set of 
boundary conditions of the target application. Thus, designing an Ad-HX becomes a 
complicated and laborious procedure, if, e.g., the adsorbate diffusion is to be modelled 
for the transient, non-linear and spatially distributed conditions of an adsorption cooling 
cycle. The experiment-based alternative, a more or less structured trial-and-error 
approach, merely shifts the effort to repeated prototyping and measurements. The novel 
concept presented here is intended to provide an alternative way, reducing the 
complicated adsorption dynamics to simple, application-relevant key parameters, which 
allow direct performance estimations and a quantitative judgement of limitations. 
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Figure 14: Principal concept of effective thermal resistances for performance estimation from heat and 
mass transfer (HMT) parameters (obtained, e.g., from FRA) compared to the existing empirical approach 
(Velte et al., 2017; Ammann et al., 2018) 

The scope of this work are the heat and mass transfer processes occurring in an 
adsorbent or an adsorbent composite, which is a part of an Ad-HX. The Ad-HX as such 
has additional quantities to be accounted for, like a capacity flow of HTF and an 
accompanying temperature difference between in- and outlet. These HX-level effects 
will, however, not be considered in the following. They have been, e.g., recently analysed 
in depth by Velte (2019). Nevertheless, it should in principle be possible to integrate the 
concept developed in this section into classical heat exchanger design theories, like the 
𝜀𝜀-NTU method (Shah & Sekuli, 2003). 

This section is organised along Figure 14: It starts with introducing the idea of 
effective thermal resistances for the quantitative comparison of heat and mass transfer 
in Ad-HXs, which is closely related to the existing empirical approach. In the next step, an 
approach is suggested how to directly derive the effective thermal resistances from the 
HMT parameters, like those identified by FRA in the last chapter, based in the underlying 
HMT models. Finally, the driving temperature difference Δ𝑇𝑇drv is derived from the 
sorption equilibrium and the application temperature boundary conditions, before 
relating the whole concept to the common performance indicators COP and SCP. 

3.2.1 Comparison of heat and mass transfer 

Initially, the introduction of effective thermal resistances was motivated by the 
quantitative comparison heat and mass transfer processes in adsorbents. The basic idea 
is to map any mass transfer resistance to an equivalent heat transfer resistance. This 
approach was first suggested by Wittstadt et al. (2017) and then further elaborated for 
the phenomenological interpretation of macro scale experimental data (Velte et al., 
2017; Ammann et al., 2018) and is the starting point for the concept developed here. 
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Assume a quasi-isothermal adsorption process6, i.e. with a small temperature change 
(𝑐𝑐𝑝𝑝,effd𝑇𝑇 ≪ Δℎsd𝑋𝑋), so that the associated heat flow is directly related to the mass flow 
adsorbed:  

 �̇�𝑄s = 𝑚𝑚s�̇�𝑋Δℎs. (76) 

In order to properly distinguish between resistive and capacitive effects, this definition 
slightly differs from that made by Ammann et al. (2018), who included an additional heat 
capacity term (𝑚𝑚𝑐𝑐𝑝𝑝d𝑇𝑇). 

This process is running between a given bulk gas pressure 𝑝𝑝e, e.g. provided by an ideal 
evaporator at 𝑇𝑇L with 𝑝𝑝e = 𝑝𝑝sat(𝑇𝑇L), and a fixed external heat reservoir at medium 
temperature level 𝑇𝑇M, to which the heat released from the adsorption process is 
eventually transferred. As said above, effects of a finite HTF mass flow are neglected 
here. The adsorbent is characterised by 𝑋𝑋, 𝑇𝑇s, and 𝑝𝑝s, the loading, temperature, and 
pressure averaged over the places of adsorption. For the case of a microporous 
adsorbent, 𝑝𝑝s is the pressure of a bulk gas phase that would exist in equilibrium with a 
place of adsorption. A place of adsorption may be any place where the loading changes, 
be it by actual adsorption or by adsorbate diffusion (c.f. Eq. (44), p42). 

The overall heat transfer is governed by the temperature difference between the 
external reservoir, e.g. a heat exchanger fluid, and the adsorbent. It may be characterised 
by the heat transfer resistance 

 𝑅𝑅HT =
Δ𝑇𝑇drv,HT

�̇�𝑄s
=
𝑇𝑇s − 𝑇𝑇M
𝑚𝑚s�̇�𝑋Δℎs

, (77) 

which relates the driving temperature difference to the adsorption associated heat flow 
�̇�𝑄s. 

The mass transfer occurring between 𝑝𝑝e and 𝑝𝑝s, may be accounted for by an 
equivalent heat transfer effect through the driving temperature equivalent (Wittstadt et 
al., 2017), the difference between the equilibrium temperature 𝑇𝑇eq(𝑝𝑝e,𝑋𝑋) and 𝑇𝑇s. The 
resistance of this mass transfer equivalent heat transfer is 

 
𝑅𝑅MT =

Δ𝑇𝑇drv,MT

�̇�𝑄s
=
𝑇𝑇eq(𝑋𝑋,𝑝𝑝e) − 𝑇𝑇s

𝑚𝑚sΔℎs�̇�𝑋
. (78) 

It relates the driving temperature equivalent to the “enthalpy flow” associated to the gas 
mass flow being transferred between the bulk gas volume and the place of adsorption. 
With this definition, the overall effect on the sorption dynamics are equal: Considering 
the adsorption dynamics as a black box, where only the external quantities �̇�𝑄s, 𝑇𝑇M and 𝑝𝑝e 
are visible, a fully mass transfer limited process cannot be distinguished from its heat 
transfer equivalent (Figure 15). This mapping of different kinds of mass transfer 
resistances to a heat transfer equivalents will be dealt with in detail in the next section. 

 

                                                        
6 This approximation is especially valid for the isobaric phases of an adsorption cycle with a discrete 

sorption material, where the uptake is concentrated in a small temperature range. 
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Figure 15: Representation of the mass-transfer-equivalent heat transfer resistance in a) the Clausius–
Clapeyron plot and b) the thermal equivalent circuit as comparison of a mass transfer limited adsorption 
process, with a mass transfer resistance 𝛽𝛽 inducing a pressure drop (green), and the equivalent heat 
transfer limited process, where the adsorbent pressure is equal to the bulk pressure provided by the 
evaporator (red), with the place of adsorption “s”. 

The overall resistance may be calculated by simple addition (Figure 16): 

 𝑅𝑅eff = 𝑅𝑅MT + 𝑅𝑅HT 

=
Δ𝑇𝑇drv,MT + Δ𝑇𝑇drv,HT

𝑚𝑚sΔℎs�̇�𝑋
 

=
𝑇𝑇eq(𝑋𝑋,𝑝𝑝e) − 𝑇𝑇M

𝑚𝑚sΔℎs�̇�𝑋
 

=
Δ𝑇𝑇drv,s

�̇�𝑄s
. 

(79) 

Figure 16 shows, that this summation is only meaningful, if the effect of the heat 
capacity 𝐶𝐶𝑠𝑠 = 𝑚𝑚s𝑐𝑐𝑝𝑝,eff can be neglected (see above). If that is not the case, e.g. during the 
isosteric phases of the cycle, the heat and mass transfer resistance must be treated 
separately, as the mass transfer becomes irrelevant. This is different in the definition 
suggested by Ammann et al. (2018), where 𝐶𝐶s is included into the calculation of 𝑅𝑅MT. In 
this case, Eq. (79) could seemingly – but wrongly – be applied to the isosteric phases. 

Depending on the perspective of the analysis, 𝑅𝑅eff may be referred to a reference 
quantity 𝑧𝑧, e.g. the adsorbent mass, the heat exchanger volume or the heat exchanger 
surface area, as 

 𝑅𝑅eff𝑧𝑧 =
Δ𝑇𝑇eff
�̇�𝑄𝑠𝑠 𝑧𝑧⁄

= 𝑧𝑧𝑅𝑅eff. (80) 

The derivation of resistances from Wittstadt et al.’s driving temperature equivalent 
was used for the phenomenological interpretation of macro scale experimental data 
(Ammann et al., 2018). Ammann et el. referred to 𝑅𝑅eff𝐴𝐴  as “thermal impedance”. This 
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analogy to the electrical impedance, a complex quantity that takes into account 
resistance, capacitance and inductivity, is avoided here, as it suggests that the heat 
capacity is taken into account. 

In the same formalism, the effective thermal resistance of a non-ideal and quasi-
isothermal evaporator can be defined as 

 
𝑅𝑅e = (𝑈𝑈𝐴𝐴)e

−1 =
𝑇𝑇L − 𝑇𝑇sat(𝑝𝑝e)
−�̇�𝑚gΔℎv

 

=
Δ𝑇𝑇drv,e

�̇�𝑄e
, 

(81) 

where – �̇�𝑚g is the refrigerant mass flow leaving the evaporator. In the same way, one may 
define 𝑅𝑅c as the effective thermal resistance of the condenser. 
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Figure 16: Thermal equivalent circuit of an adsorption process with heat and mass transfer limitations in 
three different representations: a) straightforward physical representation with mass transfer in the 
pressure (or concentration) dimension coupled to the heat transfer in the temperature dimension through 
the adsorption process (“s”) at local equilibrium, b) mass transfer converted to the temperature dimension 
as equivalent heat transfer resistance and c) the overall effective heat transfer resistance as the sum of 
both resistances, if d𝑇𝑇𝐶𝐶s is small 

3.2.2 Relation to transport parameters 

The effective heat transfer resistances have proven useful for the evaluation of 
macroscopic adsorption experiments under application boundary conditions. However, 
from a design-and-optimisation perspective, it would be desirable to relate these 
effective resistances directly to transport parameters that are often available from 
literature or that may be obtained experimentally without restriction to explicit 
application boundary conditions. 

This deduction with a general validity is difficult, and probably not possible, 
especially for strongly transient process phases with large gradients. However, for 
process phases where the temperature change is less rapid and the loading change �̇�𝑋 has 
equilibrated throughout the adsorbent, one may assume a quasi-isothermal case with a 
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homogeneous distribution of �̇�𝑋. For this case, also the spatial state variation (𝑋𝑋,𝑇𝑇) is 
assumed small, so that coefficients are constant.  

Under these assumptions, effective heat transfer resistance may be derived as shown 
in the Appendix A.3. The result is provided in Table 2 for the adsorbent mass related 𝑅𝑅𝑚𝑚s  
and for 𝑅𝑅𝐴𝐴HX , which is related to the heat exchanger surface area 𝐴𝐴HX, being either 
coated or covered with adsorbent pellets. Unlike 𝑅𝑅𝑚𝑚s  and for 𝑅𝑅𝐴𝐴HX , the volume related 
effective thermal resistance 𝑅𝑅𝑝𝑝 cannot be calculated directly from local variables, as the 
reference volume usually also takes into account the volume occupied by the heat 
exchanger structure (e.g. fins, tubes, headers), which are out of scope here. However, 
once the volume-to-surface ratio of any specific HX design is available, it may easily be 
calculated from 𝑅𝑅𝐴𝐴HX: 

 𝑅𝑅𝑝𝑝 =
𝑉𝑉
𝐴𝐴HX

𝑅𝑅𝐴𝐴HX . (82) 

Similarly, 𝑅𝑅𝑚𝑚s  may easily be converted to another reference mass with the respective 
mass ratio. 

Table 2: Conversion of transport parameters to effective heat transfer resistances (𝑑𝑑: thickness on the 
macro scale, 𝑟𝑟 diffusion length, 𝛾𝛾 = 𝜎𝜎(𝜎𝜎 + 2), c.f. Appendix A.3 for detailed derivation and variable 
definitions) 

Parameter and Geometry (𝑅𝑅𝐴𝐴)−1 (W/(m² K)) (𝑅𝑅𝑚𝑚s)−1 (W/(kg K)) 

Lumped heat transfer ℎ Not applicable ℎ ℎ
𝑑𝑑𝜌𝜌eff

 

Thermal conductivity 𝜆𝜆 Flat plate 3𝜆𝜆
𝑑𝑑

 
3𝜆𝜆

𝑑𝑑2𝜌𝜌eff
 

LDF coefficient 𝑘𝑘LDF Not applicable 𝑘𝑘LDF
𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇

𝑑𝑑𝜌𝜌effΔℎs 𝑘𝑘LDF
𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇

Δℎs 

Micropore transport 
diffusivity 𝐷𝐷mi i 

Flat plate, cylinder, 
sphere 

𝛾𝛾𝐷𝐷mi
𝑟𝑟2

𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇

𝑑𝑑𝜌𝜌effΔℎs 
𝛾𝛾𝐷𝐷mi
𝑟𝑟2

𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇

Δℎs 

Micropore adsorbate 
diffusivity 𝐷𝐷ad 

Flat plate, cylinder, 
sphere 

𝛾𝛾𝐷𝐷ad
𝑟𝑟2

 𝑋𝑋𝑑𝑑𝜌𝜌eff
Δℎs2

𝑅𝑅w𝑇𝑇2
 

𝛾𝛾𝐷𝐷ad
𝑟𝑟2

 𝑋𝑋
Δℎs2

𝑅𝑅w𝑇𝑇2
 

Macropore eff. 
diffusivity 𝐷𝐷ma 

Flat plate, cylinder, 
sphere 

𝛾𝛾𝐷𝐷ma
𝑟𝑟2

𝜀𝜀P𝑑𝑑
𝑝𝑝
𝑇𝑇
�
Δℎs
𝑅𝑅w𝑇𝑇

�
2

 
𝛾𝛾𝐷𝐷ma
𝑟𝑟2

𝜀𝜀P𝑝𝑝
𝜌𝜌eff𝑇𝑇

�
Δℎs
𝑅𝑅w𝑇𝑇

�
2

 

 Flat plate 3𝐷𝐷ma
𝑑𝑑

𝜀𝜀P
𝑝𝑝
𝑇𝑇
�
Δℎs
𝑅𝑅w𝑇𝑇

�
2

 
3𝐷𝐷ma
𝑑𝑑2

𝜀𝜀P𝑝𝑝
𝜌𝜌eff𝑇𝑇

�
Δℎs
𝑅𝑅w𝑇𝑇

�
2

 

                                                        
i NB: For materials with a pronounced step-like isotherm, the loading dependency of 𝐷𝐷mi can be large and 
so the assumption of constant coefficients may become weak. In this case the 𝐷𝐷ad-based approximation 
will be more accurate. 
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3.2.3 Calculation of driving temperature differences 

The driving temperature differences are directly related to the external temperature 
levels and the associated temperature thrust Δ𝑇𝑇thr = 𝑇𝑇H − 𝑇𝑇M and temperature lift 
Δ𝑇𝑇lft = 𝑇𝑇M − 𝑇𝑇L for an adsorption chiller cycle operating between a high (H), a medium 
(M) and a low (L) temperature level (c.f. Section 2.3.1). 

𝑇𝑇
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𝑇𝑇eq 𝑋𝑋,𝑝𝑝e
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ff
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Δ𝑇𝑇drv,e
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Δ𝑇𝑇drv,𝑐𝑐

 

Figure 17: Relationship between principal temperature differences from external temperature conditions 
(Δ𝑇𝑇lft, Δ𝑇𝑇thr), from sorption equilibrium (Δ𝑇𝑇ch), and for driving heat and mass transfer (Δ𝑇𝑇drv) during both 
isobaric phases for quasi-isothermal conditions 

During the adsorption half-cycle (Figure 17, right part), the temperature lift is 
composed of three principal temperature differences: 

 Δ𝑇𝑇lft = 𝑇𝑇M − 𝑇𝑇L 
= �𝑇𝑇eq(𝑋𝑋,𝑝𝑝e) − 𝑇𝑇sat(𝑝𝑝e)����������������

Δ𝑇𝑇ch

− �𝑇𝑇eq(𝑋𝑋,𝑝𝑝e) − 𝑇𝑇M������������
Δ𝑇𝑇drv,s

− �𝑇𝑇L − 𝑇𝑇sat(𝑝𝑝e)������������
Δ𝑇𝑇drv,e

. (83) 

The same relation may be applied – with different sign – to the desorption half-cycle 
(Figure 17, left part). For the sake of clarity, however, the following will be limited to the 
adsorption half-cycle. 
Δ𝑇𝑇drv,s and Δ𝑇𝑇drv,e are the two temperature differences driving the process in the 

adsorber and the evaporator, introduced above. Δ𝑇𝑇ch is defined here as the characteristic 
temperature difference of the working pair at 𝑝𝑝e and 𝑋𝑋. The latter may also be 
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formulated as a function of either the adsorbent or the evaporator temperature, which 
might be more convenient in some cases: 

 Δ𝑇𝑇ch(𝑇𝑇s,𝑋𝑋) = 𝑇𝑇s − 𝑇𝑇sat �𝑝𝑝eq(𝑇𝑇s,𝑋𝑋)� 
Δ𝑇𝑇ch(𝑇𝑇e,𝑋𝑋) = 𝑇𝑇eq�𝑋𝑋, 𝑝𝑝sat(𝑇𝑇e)� − 𝑇𝑇e. 

(84) 

This concept of temperature differences, combined with the effective thermal 
resistances, allows relating the external temperature levels, which are set by the 
application, to the heat flows during the isobaric phases. With the same assumption of a 
quasi-isothermal adsorption as above, the external heat flow and the adsorption 
associated heat flow are equal: �̇�𝑄M = �̇�𝑄s = 𝑚𝑚sΔℎs�̇�𝑋. Further, �̇�𝑄s is coupled to the 
evaporator heat flow through the same gas mass flow (−𝑚𝑚g = 𝑚𝑚s�̇�𝑋), but a different 
enthalpy change: �̇�𝑄e = Δℎv Δℎs⁄ ⋅ �̇�𝑄M. This allows rewriting Eq. (79) as 

 𝑅𝑅e
Δℎv
Δℎs

=
Δ𝑇𝑇drv,e

�̇�𝑄M
 (85) 

so that it can be added to Eq. (79), yielding 

 �̇�𝑄M =
Δ𝑇𝑇drv,e + Δ𝑇𝑇drv,s

𝑅𝑅e
Δℎv
Δℎs

+ 𝑅𝑅eff
. (86) 

With Eq. (83) this can be rewritten as 

 
�̇�𝑄M(𝑇𝑇s,𝑋𝑋) =

Δ𝑇𝑇ch(𝑇𝑇s,𝑋𝑋) − Δ𝑇𝑇lft

𝑅𝑅e
Δℎv
Δℎs

+ 𝑅𝑅eff
, (87) 

to get a simple Ohm’s-law-like relation between external heat flow �̇�𝑄M, and the overall 
driving temperature difference. The latter is determined by the easily accessible 
quantities Δ𝑇𝑇lft and Δ𝑇𝑇ch(𝑇𝑇s,𝑋𝑋), which characterise the application conditions and the 
sorption properties of the material, respectively. For the low temperature heat, the same 
approach yields: 

 
�̇�𝑄L(𝑇𝑇s,𝑋𝑋) =

Δ𝑇𝑇ch(𝑇𝑇s,𝑋𝑋) − Δ𝑇𝑇lft

𝑅𝑅e + 𝑅𝑅eff
Δℎs
Δℎv

. (88) 

For a discrete sorption material the loading dependency of Δ𝑇𝑇ch is small, since all 
(relevant) isosteres are close together or even superimposed. This allows to use 
Δ𝑇𝑇ch(𝑇𝑇s,𝑋𝑋) ≈ Δ𝑇𝑇ch(𝑇𝑇s) as a first simplification. The dependency on the adsorbent 
temperature can be calculated through the Clausius–Clapeyron equation. A useful 
approximation, derived in Appendix A.4 based on a Taylor expansion, is 
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 𝜕𝜕Δ𝑇𝑇ch
𝜕𝜕𝑇𝑇s

≈ 1 −
Δℎs
Δℎv

�1 −
Δ𝑇𝑇ch
𝑇𝑇s

�
2

. (89) 

The explorative evaluation of Eq. (89) indicates, that the temperature dependency of 
Δ𝑇𝑇ch is also small (Table 3). Thus, Δ𝑇𝑇ch(𝑇𝑇s,𝑋𝑋) ≈ Δ𝑇𝑇ch(𝑇𝑇M) may be used for the heat flow 
estimation in Eqs. (87) and (88). It is more convenient to use 𝑇𝑇M here, as it is typically 
available a priori from the application conditions, while 𝑇𝑇s is an internal process 
parameter, which itself depends on the complete design. For a first order approximation 
Δ𝑇𝑇ch might even be treated as a constant.  

For the case of sorption materials with more continuous sorption equilibria, this 
simplification may not be made. Although out of scope here, Eqs. (87) and (88) could 
then still be useful if extended by an appropriate averaging in order to yield the mean 
heat flow expected per half-cycle. 

It might be helpful to draw an analogy of this approach to common models of 
electrochemical batteries, where Δ𝑇𝑇ch corresponds to the open-circuit voltage (cell 
voltage in thermodynamic equilibrium), Δ𝑇𝑇thr to the charge voltage, Δ𝑇𝑇lft to the 
discharge voltage, and 𝑅𝑅e, 𝑅𝑅c and 𝑅𝑅s to the internal resistances (Lasia, 2014). Also in 
batteries, the internal resistances include mass-transfer parts, e.g. related to the diffusive 
processes in the electrolyte, which are mapped to electrical resistances.  

Table 3: Explorative evaluation of Eq. (89) 

Working-pair Δℎs (MJ/kg) Δℎv (MJ/kg) Δ𝑇𝑇ch (K) 𝑇𝑇s (K) ∂Δ𝑇𝑇ch
∂𝑇𝑇s

 (-) 
SAPO-34–Water 3.2…3.5ii 2.5 45ii,iii 323 0.05…(–0.04) 
Alfum–Water 2.9iv 2.5 22iii,iv  313 –0.002 

                                                        
ii Füldner (2015) 
iii Calculated for the inflection point of the 𝑇𝑇s-isotherm 
iv This work 
 
3.2.4 Relation to performance indicators 

The concept of effective thermal resistances may be directly translated to the specific 
cooling power SCP (c.f. Section 2.3.3, p51), achieved during the isobaric phases. With the 
same assumption as above and the total effective resistance from the evaporator 
perspective 𝑅𝑅e,tot = 𝑅𝑅e + 𝑅𝑅eff

Δℎs
Δℎv

, the volume specific cooling power at loading 𝑋𝑋 is 

 
VSCP =

Δ𝑇𝑇ch(𝑇𝑇M,𝑋𝑋) − Δ𝑇𝑇lft
𝑅𝑅e,tot
𝑝𝑝  

=
Δ𝑇𝑇drv,tot

𝑅𝑅e,tot
𝑝𝑝 , 

(90) 

and the mass specific cooling power 
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MSCP =

Δ𝑇𝑇ch(𝑇𝑇M,𝑋𝑋) − Δ𝑇𝑇lft
𝑅𝑅e,tot
𝑚𝑚  

=
Δ𝑇𝑇drv,tot

𝑅𝑅e,tot
𝑚𝑚 . 

(91) 

This estimates the average cooling power during one adsorption half-cycle. If a 
complete cycle is to be assessed, the ratio between the durations of the adsorption half-
cycle and the complete cycle must be taken into account. 
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4. Experimental 

Experiments were carried out to fully characterise the sorption equilibrium and 
dynamics of aluminium fumarate coatings in different thicknesses. To this end, an 
extended FRA-based procedure was developed and applied with a specially designed 
and custom built setup. This “extended frequency response analysis” allows determining 
relevant material properties (namely the adsorption equilibrium and the adsorption 
enthalpy) together with the actual FR in a single integrated procedure. Finally, the 
remaining quantity of interest, the specific heat capacity, was measured with commercial 
DSC devices in a procedure, specially adapted to adsorbent measurements. 

4.1 Material 

An aqueous dispersion of 26.8 wt% aluminium fumarate (a.k.a. MIL-53(Al)-FA, sourced 
as “Basolite® A520” from BASF; Kiener et al., 2009; Alvarez et al., 2015) and 17.9 wt% 
silicone binder (SilRes® MP50E, Wacker Silicones) was processed by a knife coating 
applicator on 50 x 50 x 2 mm³ AlMg3 sample plates (Table 4). The wet film thickness 
was varied by an octagonal stainless steel mask with a defined thickness (200, 350, 600 
µm) and constant coating surface 𝐴𝐴ct (18.7 cm2). The samples were oven dried at 200 °C 
for 3 h, before measuring the coating thicknesses 𝑑𝑑ct of the final samples at five points 
with a probe indicator (Table 4, Figure 18). The sample dry mass was determined 
directly after oven drying by quickly (𝑇𝑇 ≥ 160 °C) weighing the hot samples under lab 
atmosphere. The total dry adsorbent content 𝑤𝑤s,dry and the binder content 𝑤𝑤bnd were 
first calculated from the suspension composition, based on experimentally determined 
dry masses of different suspension components, as shown by Kummer et al. (2015), and 
later cross checked by comparing the uptake of the samples to the uptake of pure 
adsorbent powder. The latter was measured manometrically before (AUTOSORB®, 
Quantachrome). The coating dry density was calculated as 𝜌𝜌cmp = 𝑚𝑚cmp (𝐴𝐴ct𝑑𝑑ct)⁄ .  

Table 4: Sample mass, geometry and composition by dry mass , the adsorbent content was estimated when 
mixing the coating suspension and confirmed later by comparing the uptake of the sample with the pure 
adsorbent powder isotherm (c.f. Section 5.1) 

    By suspension 
compositionx 

 By comparison to pure 
adsorbent uptake 

Sample 𝑚𝑚cmp (mg) 𝑑𝑑ct (mm) 𝜌𝜌cmp (g/cm3) 𝑤𝑤s,dry 𝑤𝑤bnd  𝑤𝑤s,dry 𝑤𝑤bnd 

Ct_140 134±3 0.14±0.04 0.51±0.15 0.75 0.25  0.72 0.28 

Ct_240 217±4 0.24±0.05 0.48±0.10 0.75 0.25  0.79 0.21 

Ct_610 563±11 0.61±0.07 0.49±0.06 0.75 0.25  0.80 0.20 

The macro porosity of the coating 𝜀𝜀P is estimated at 0.47 based on the composite dry 
density, the mass fraction and density of the binder (𝜌𝜌 = 1.1 g/cm3, calculated from 
Kummer et al. (2017a) where the same octagonal stainless steel masks were used), and 
the apparent dry density of the aluminium fumarate crystals. As reported measurements 
of the later are lacking, it was estimated based on the structural data that Alvarez et al. 
(2015) obtained by Rietveld refinement. They estimated the volume of a fully hydrated 
unit cell, consisting of two metal Al(OH) octahedrals (𝑚𝑚 = 2 ⋅ 44.0 u) and four fumarate 
C4O4H2 linkers (𝑚𝑚 = 4 ⋅ 114.1 u), to 990 AÅ 3, yielding 𝜌𝜌 = 0.91 g/cm3. It should be noted 
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that these values does not account for water induced shrinking or swelling nor for any 
defects or impurities that are likely to be found in the actual adsorbent particles. 

   
Ct_140 Ct_240 Ct_610 

Figure 18: Photographs of samples for sorption dynamic experiments with different coating thicknesses 
on a 50 x 50 x 2 mm³ AlMg3 sample plate 

The particle size of the initial adsorbent power was measured before to be 18 µm on 
average (Appendix A.5, Figure 48). 

4.2 Extended Frequency Response Analysis 

The extended FRA, a custom built setup combined with a specially developed procedure, 
aims to determine the adsorption equilibrium and the adsorption enthalpy together 
with the FRA in a single time saving measurement. This allows for results that perfectly 
match the same thermodynamic state and for the same single sample. Errors from 
results interpolation to different thermodynamic states and possibly differing sample 
compositions are avoided. 

4.2.1 Setup 

Sorption kinetic measurements are done with a custom setup (schematic: Figure 19) 
under pure water vapour atmosphere allowing FR, LTJ, LPJ and SPJ experiments with 
water. Details on jump experiments with the setup have been reported extensively 
before (Schnabel, 2009; Füldner, 2015; Velte et al., 2017). 

For FR measurements in the course of this work, the existing setup is extended and 
partly redesigned (photograph: Figure 20). The closed measurement chamber volume 
(𝑉𝑉� = 885.4 ± 1.3 ml) is varied by 4.12% through a mechanically driven vacuum below, 
while the bellow position is recorded with a vacuum stable linear variable differential 
transformer (LVDT, Schreiber Messtechnik, 𝜏𝜏 = 1.3 ms). The bellow position has been 
calibrated with a second order polynomial to the chamber volume by filling the 
evacuated and temperature controlled chamber with water of known mass. The sample, 
pre-conditioned to a given loading 𝑋𝑋0 or pressure 𝑝𝑝0, is thermally well connected 
(thermal grease TG20032, Müller Ahlhorn) to the cold plate kept isothermal (± 0.01 K) 
by an external circuit. The absolute cold plate temperature is precisely measured with a 
4-wired Pt100 sensor embedded in a bore.  

The sinusoidal chamber pressure response can be recorded simultaneously with two 
pressure transducers: a slow high-precision capacitive sensor (MKS Baratron 627B, 
𝜏𝜏 = 40 ms) for practical reasons connected through long tubes, and a fast piezo-resistive 
sensor (STS ATM, 𝜏𝜏 = 1 ms) directly mounted in the chamber wall (both sensors 0–
100 mbar). The signal from the less long-term stable STS sensor is corrected for each set 
of measurements based on low frequency results (𝑓𝑓 ≤ 0.05 Hz) where the low-pass filter 
(LPF) bias of the MKS is negligible.  

c by Laurenz et al., 2020 / CC BY 4.0 

https://creativecommons.org/licenses/by/4.0/
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Figure 19: Schematic of the sorption kinetic setup for frequency response, large temperature jump and 
large pressure jump experiments with absolute and differential equilibrium measurement. Absolute 
sorption equilibria are measured manometrically by dosing in from the dosing chamber, differential 
equilibria by small temperature and pressure jumps around equilibrium. For frequency response 
measurements, the sample support is kept isothermal and small volume fluctuations are applied with a 
mechanically driven bellow, while the bellow position, chamber pressure and sample surface temperature 
are recorded. 
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Figure 20: Photograph of the sorption kinetic setup for frequency response measurements with detail of 
the measuring chamber top when removed for sample installation 

c by Laurenz et al., 2020 / CC BY 4.0 

https://creativecommons.org/licenses/by/4.0/
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The sample surface temperature is recorded with an IR temperature sensor 
(Heitronics KT15, 𝜏𝜏min = 5 ms) through a ZnSe vacuum viewport. The noise equivalent 
temperature difference (NETD) of the IR signal depends on the set response time with 
min. values of 25 mK at 𝜏𝜏 = 1 s (temperature invariant) and max. values of 1.1 and 0.6 K 
at 𝜏𝜏 = 5 ms depending on the sample temperature between 20 and 100 °C. The noise 
reduction is approximately proportional to 𝜏𝜏−0.7 at 100 °C and 𝜏𝜏−0.6 at 20 °C sample 
temperature. The response time is set to less than 1/1000 of the below period as long as 
possible. The measurement spot has a diameter of 6 mm (95%), and the spectral 
response maximum of the detector is between 8 and 14 µm, fitting to the transmissivity 
of the ZnSe viewport and the aimed sample temperature.  

To avoid temperature gradients the whole vacuum setup is encapsulated in a 
temperature-controlled cabinet (±0.1 K), which is set to the same temperature as the 
cold plate. Data acquisition from sensors not requiring high temporal resolution (e.g. 
cold plate temperature) is done with a high precision digital multi meter (Agilent 
34970A). For FR-related sensors see Section 4.2.3. The key parameters of the setup are 
summarized in Table 5. 

The setup can be classified as a volume swing thermal FRA inspired by typical 
approaches by other authors (Shen & Rees, 1994; Reyes et al., 1997; Turner et al., 2001; 
Song & Rees, 2008; Mohammad Iftekhar Hossain, 2014), but extended by a thorough 
control of the thermal contact of the sample and a temperature response measurement 
in order to discriminate between heat and mass transfer effects. In contrast to most 
applications, for AHT the heat effect is not a slight bias but purposely amongst the 
dominating mechanism for overall adsorption kinetics. To the author’s knowledge, 
comparable measurements have been only performed at LIMSI-CNRS in the late 1990s 
(Bourdin et al., 1996a; Bourdin et al., 1996b; Bourdin et al., 1998), but with immense 
effort on temperature measurement (liquid helium cooled detector) to reach an NETD of 
1.5–15 mK at 5 ms response time. Driven by practical and economic considerations, the 
setup presented in this work employs an off-the-shelf temperature sensor, to the cost of 
a noise level, about two orders of magnitude higher than for the LIMSI-CNRS setup. The 
increased noise level is compensated by longer measurement times, in order to reach 
satisfying precision. 

 

Table 5: Key parameters of the sorption kinetic setup used for frequency response experiments 

Parameter  Value 
Working fluid Water 
Sample adsorbent dry mass (typical) 50–500 mg 
Max. sample geometry 50 × 70 × 15 mm³ 
Temperature cold plate 5–95 °C 
Temperature cabinet 20–80 °C 
Mean pressure 𝑝𝑝0 1–100 mbar 
Measuring chamber volume mean 𝑉𝑉0 ± amplitude 𝑉𝑉�  885.4 ± 36.5 ml 
Frequency range 1 × 10−3–5 Hz 

 

4.2.2 Procedure 

The measurement procedure consists of three steps: (i) pre-conditioning to the desired 
state, (ii) determination of the equilibrium slopes and (iii) the actual FR measurement. 
Throughout the measurement, the temperature-controlled cabinet is kept at the 
measurement mean temperature 𝑇𝑇0. Measurements are carried out at 30–60 °C and in 
the entire loading range. 
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Table 6: Equilibrium set points for frequency response experiments 

𝑇𝑇0 (°C) 𝑋𝑋0 (kg/kgs) 
0.05 0.13 0.2 0.28 0.35 

30   ●   
40 ● ● ● ● ● 
60   ●   

 

4.2.2.1 Pre-conditioning and uptake measurement 

Samples are fully desorbed and pre-conditioned to the desired state (Table 6), allowing 
for measuring the adsorption equilibrium manometrically, as detailed in the following. 

Initially, samples are desorbed against a rotary vane pump (𝑝𝑝 < 0.01 mbar) at 95 °C 
overnight, to remove any co-adsorbed impurities. For aluminium fumarate this ensures 
an initial loading 𝑋𝑋init of 0 kg/kg. After cooling down the closed chamber to 𝑇𝑇0, the 
sample is pre-conditioned to a desired loading 𝑋𝑋0 by dosing in vapour from the dosing 
chamber. 𝑋𝑋0 is calculated manometrically from the mass balance of both chambers and 
the adsorbent dry mass 𝑚𝑚s = 𝑤𝑤s,dry𝑚𝑚cmp following the ideal gas law, which is a very 
good approximation for water in the pressure and temperature region of the 
measurements: 

 𝑋𝑋0 = 𝑋𝑋init +
1

𝑇𝑇0𝑅𝑅w𝑚𝑚s
[𝑉𝑉D𝑝𝑝D1  + 𝑉𝑉M1𝑝𝑝M1 − (𝑉𝑉M2𝑝𝑝M2 + 𝑉𝑉D𝑝𝑝D2)]. (92) 

Here, the indexes D and M denote the dosing chamber (𝑉𝑉D = 41.815 ± 0.021 l) and 
the measuring chamber, where the volume depends on the bellow position, and the 
indexes 1 and 2 denote the equilibrium state before and after dosing in vapour. Set 
points for the pressures 𝑝𝑝D,1 and 𝑝𝑝D,2 are calculated beforehand, based on the isotherm 
of the pure adsorbent powder to approximately reach the set point for 𝑋𝑋0. An automatic 
routine conditions the dosing chamber to 𝑝𝑝D1 by dosing in vapour from the vapour 
generator, and – if required – short evacuation for pressure reduction. Vapour dosing is 
started by opening V1 and stopped as soon as 𝑝𝑝D,2 is reached. Eq. (92) is evaluated with 
the measured values of 𝑝𝑝D to calculate 𝑋𝑋0. The equilibrium pressure of the sample 
𝑝𝑝0 = 𝑝𝑝M,2 will follow the equilibrium of the sorbent at 𝑇𝑇0 and 𝑋𝑋0, yielding a point on the 
𝑇𝑇0-isotherm. To calculate the effective loading 𝑋𝑋eff, the composite mass 𝑚𝑚cmp is used in 
Eq. (92) instead of 𝑚𝑚s. 

After pre-conditioning, the valve V1 remains closed throughout the rest of the 
measurement. 

4.2.2.2 Differential sorption equilibrium and sorption Enthalpy 

The differential sorption equilibrium, i.e. the slopes of the isotherm ∂𝑋𝑋 ∂𝑝𝑝⁄  and the 
isobar ∂𝑋𝑋 ∂𝑇𝑇⁄ , is determined with small volume and temperature variations, 
respectively. This data allows calculating the sorption enthalpy (c.f. Section 2.1.2) and is 
required for the FRA models (Section 3.1.2). Further, the assumption of locally 
hysteresis-free sorption equilibria, which is fundamental to the FRA models, is checked 
by comparing the loading reached at 𝑉𝑉0 and 𝑇𝑇0 coming from above and from below. 
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Figure 21: Typical signal used for determination of the isotherm slope d𝑋𝑋 d𝑝𝑝⁄ : The volume is changed with 
a rectangular pattern, temperature kept constant. Means of the highlighted equilibrium sections are 
evaluated for slope (green) and hysteresis check (orange).  

 

Figure 22: Typical signal used for determination of the isobar slope d𝑋𝑋 d𝑇𝑇⁄ : The volume is kept constant, 
while the temperature set point is changed with a rectangular pattern; the actual temperature is delayed 
by the limited thermostat power and controller characteristic. Highlighted sections as in Figure 21 

To measure the equilibrium slopes a rectangular signal with small volume and 
temperature jumps is applied to the pre-conditioned sample and the equilibrium loading 
changes are evaluated manometrically (Figure 21 and Figure 22). The method is 
comparable to static gain evaluation from step response experiments e.g. in control 
systems. 

The evaluation of the isotherm slope is straight forward from the isothermal (index 𝑇𝑇) 
volume change (Figure 21): 

① ③ ② ④ 

⑤ ⑦ ⑥ ⑧ 
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 ∂𝑋𝑋
∂𝑝𝑝

≈
Δ𝑋𝑋𝑇𝑇
Δ𝑝𝑝𝑇𝑇

=
Δ𝑚𝑚a,𝑇𝑇

𝑚𝑚sΔ𝑝𝑝𝑇𝑇
=

−(𝑝𝑝2𝑉𝑉2 − 𝑝𝑝1𝑉𝑉1)
𝑚𝑚s𝑅𝑅𝑤𝑤𝑇𝑇(𝑝𝑝2 − 𝑝𝑝1). (93) 

In some cases a very slow drift in pressure was observed which is due to parasitic effects 
of the setup already reported before (Schnabel, 2009; Füldner, 2015). This bias is 
corrected by fitting linear models to sections 1 and 2 and using the extrapolated values 
at the centre. The extrapolation takes into account the exponential form of the drift as 
detailed in Appendix A.6. 

The slope of the isobar can be deduced from the isochoric (but not isobaric) 
temperature change (Figure 22) applying the first degree Taylor approximation of the 
loading change: 

 Δ𝑋𝑋𝑝𝑝 ≈
∂𝑋𝑋
∂𝑝𝑝

Δ𝑝𝑝𝑝𝑝 +
∂𝑋𝑋
∂𝑇𝑇

Δ𝑇𝑇𝑝𝑝 . (94) 

Thus 

 ∂𝑋𝑋
∂𝑇𝑇

≈
1
Δ𝑇𝑇𝑝𝑝

�
Δ𝑚𝑚a,𝑝𝑝

𝑚𝑚s
−
∂𝑋𝑋
∂𝑝𝑝

Δ𝑝𝑝𝑝𝑝� 

=
1

(𝑇𝑇6 − 𝑇𝑇5)�−
𝑉𝑉

𝑚𝑚s𝑅𝑅𝑤𝑤
�
𝑝𝑝6
𝑇𝑇6
−
𝑝𝑝5
𝑇𝑇5
� −

∂𝑋𝑋
∂𝑝𝑝

(𝑝𝑝6 − 𝑝𝑝5)�. 
(95) 

As the FR measurement would be strongly biased by any hysteresis of the 
equilibrium, hysteresis checks are included in the both experiments (Figure 21 and 
Figure 22): The equilibria reached for the same conditions “from below” and “from 
above” are compared and hysteresis is assumed negligible if the difference between Δ𝑋𝑋34 
and Δ𝑋𝑋78 is below the measurement uncertainty. 

From the obtained slopes of the isotherm and isobar, the differential adsorption 
enthalpy may be directly calculated using Eq. (18) (p. 30). However, this leads to 
unfavourable uncertainty propagation, especially for steep isotherms, where 𝜕𝜕𝑋𝑋 𝜕𝜕𝑝𝑝⁄  is 
difficult to measure as Δ𝑝𝑝𝑇𝑇 becomes very small. Better results are obtained by directly 
using the differences obtained in the isothermal (sample uptake Δ𝑚𝑚𝑇𝑇,Δ𝑝𝑝𝑇𝑇) and isochoric 
(sample uptake Δ𝑚𝑚𝑝𝑝 ,Δ𝑝𝑝𝑝𝑝,Δ𝑇𝑇𝑝𝑝) step experiments around the mean values 𝑝𝑝 and 𝑇𝑇: 

 
Δℎ𝑠𝑠 ≈

𝑅𝑅𝑇𝑇2

𝑝𝑝
1
Δ𝑇𝑇𝑝𝑝

�Δ𝑝𝑝𝑝𝑝 −
Δ𝑚𝑚a,𝑝𝑝

Δ𝑚𝑚a,𝑇𝑇
Δ𝑝𝑝𝑇𝑇�. (96) 

For materials with a step-like isotherm (Δ𝑝𝑝𝑇𝑇 = 0 for Δ𝑚𝑚𝑇𝑇 ≠ 0) this simplifies to: 

 
Δℎ𝑠𝑠 ≈

𝑅𝑅𝑇𝑇2

𝑝𝑝
Δ𝑝𝑝𝑝𝑝
Δ𝑇𝑇𝑝𝑝

. (97) 
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4.2.2.3 Frequency response analysis 

The actual FR measurement consists of a set of single-frequency sinusoidal excitations of 
the measurement chamber volume spaced in a close-to-geometric sequence between 10-

3 and 5 Hz. This is realised by rotating the stepper motor with constant velocity which is 
converted into a sinusoidal linear motion of the bellow through a specially designed cam. 
The stepper motor is controlled with the same data acquisition (DAQ) device (Keysight 
U2351A) that records the bellow position, chamber pressure and sample surface 
temperature so that data acquisition and volume excitation are synchronised. The single-
frequency sinusoidals are chosen for the straight forward implementation and as the 
most robust excitation signal. The signal-to-noise ratio is maximised by concentrating 
the whole signal power to a single frequency (Bohn & Unbehauen, 2016). The number of 
periods is increased with frequency to compensate the reducing signal-to-noise ratio. 

4.2.3 Data processing 

For FRA, data needs to be filtered, transformed and corrected, while for the 
measurement of uptake and differential equilibrium, data processing is straight forward 
and already detailed above. 

Signals from sensors for bellow position, chamber pressure and sample surface 
temperature are recorded at 10 kHz sampling rate and 16 bit resolution. During the 
measurement, the data is downsampled by integer averaging to a sampling rate of 1000 
times the bellow frequency. This results in lower noise levels for lower bellow 
frequencies and considerably reduced amount of raw data while the filter disturbance on 
the signal remains negligible. The complex FR 𝒚𝒚𝑓𝑓𝑖𝑖

exp of frequency 𝑓𝑓𝑖𝑖 is obtained using fast 
Fourier transformation (FFT) implemented in R (R Core Team, 2020). Spectral leakage is 
avoided by carefully choosing bellow frequencies that allow for an integer amount of 
(averaged) samples per bellow period and cutting time series data to multiples of 
complete bellow periods.  

Corrections are applied to the volume perturbation and the FR signals of sample 
surface temperature and measurement chamber pressure as detailed in the following. 

4.2.3.1 Volume correction 

The perturbation of the measurement chamber volume deduced from the measured 
bellow position is corrected for the slight LPF behaviour of the sensor (cut-off frequency 
1 𝜏𝜏𝑝𝑝⁄ = 800 Hz) with a first order LPF: 

 𝑉𝑉�cor = (𝑖𝑖2𝜋𝜋𝑓𝑓blw𝜏𝜏𝑝𝑝 + 1)𝑉𝑉�msr. (98) 

The correction rises linearly with 𝑓𝑓blw affecting significantly only the phase shift 
(+2.2° at 5 Hz) but not the amplitude (+0.08% at 5 Hz). 

4.2.3.2 Pressure correction 

The measured chamber pressure response is corrected for drift and temperature 
dependency in a first and for dynamic non-idealities in a second step. The pressure is 
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measured as 𝑝𝑝�STS with a fast STS ATM piezoresistive pressure sensor (𝜏𝜏 = 1 ms) 
introduced directly in the chamber wall next to the sample to allow for little damping. 
The drawbacks of this fast and inexpensive sensor are reduced long term stability (0.5–
4 mbar per year) and high temperature drift. For the first correction step, the same 
pressure is also measured as 𝑝𝑝�MKS with a temperature compensated high precision MKS 
Baratron sensor placed outside the temperature controlled cabinet at lab ambient 
temperature. This second measurement has a strong LPF characteristic making it 
inappropriate for higher frequencies. However, for amplitudes at 𝑓𝑓blw ≤ 0.05 Hz the 
damping is negligible (𝜏𝜏 = 40 ms, i.e. |𝑝𝑝out|/|𝑝𝑝in| < 10−4)) and these data points can be 
used for correction. A simple linear model has proven useful to predict the corrected 
measured pressure amplitude |𝑝𝑝msr| with the measured |𝑝𝑝�STS|. No corrections are 
applied to the phase lag which is not affected by any drift effects. Thus: 

 𝑝𝑝�msr = (𝑐𝑐1|𝑝𝑝�STS| + 𝑐𝑐0)𝑒𝑒𝑖𝑖arg(𝑝𝑝�STS). (99) 

The correction coefficients 𝑐𝑐0 and 𝑐𝑐1 are evaluated by linear regression (𝑅𝑅 > 0.99) for 
each measurement.  

The second correction step takes into account the non-idealities of the empty 
measurement chamber. The result is the pressure that the experiment would yield in an 
ideal chamber as assumed by the models (c.f. Section 3.1.2). To do so, the empty 
measurement chamber has to be characterised for its non-ideal frequency response, i.e. 
deviations form an isothermal compression with constant gas mass and uniform spatial 
pressure distribution (Wang & LeVan, 2011). Examples for non-ideal effects are 
adsorption on the chamber walls, non-isothermal compression, damping effects of tubes 
connected to the chamber or the weak LPF behaviour of the STS ATM sensor. 

Blank measurements were carried out at five temperatures between 30 and 70 °C, 
four pressures per temperature level and eight frequencies between 0.001 and 5 Hz per 
𝑝𝑝-𝑇𝑇-state. The pressures levels where chosen as a geometric sequence in 𝑝𝑝rel between 
0.03 and 0.43 covering the region of interest and accounting for the ln(𝑝𝑝)-dependency of 
most expected non-ideal effects. 

All non-idealities are attributed to the pressure response. The indirect small 
disturbance of the surface temperature signal cannot be controlled with blank 
measurements (no temperature response) and is assumed to be negligible. A 
compensation of the temperature signal would require to differentiate between real 
(wall adsorption, damping), apparent (filter behaviour of sensors), and non-isothermal 
pressure effects which is not practically feasible. 

The pressure correction consists of a simple multiplication of the measured pressure 
response 𝑝𝑝�msr with a complex correction factor: 

 𝑝𝑝�cor = 𝜓𝜓𝑝𝑝�msr. (100) 

The empty chamber pressure correction factor 𝜓𝜓 = − 𝑝𝑝�

𝑝𝑝0

𝑝𝑝0
𝑝𝑝�cal

 can be deduced from the 
chamber mass balance  
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 0 = d𝑚𝑚w,g − d𝑚𝑚err + d𝑚𝑚w,s���
=0

 

=
d(𝑝𝑝𝑉𝑉)
𝑅𝑅w𝑇𝑇0

− d𝑚𝑚err, 
(101) 

where no water is adsorbed (d𝑚𝑚w,s = 0) under the assumption that the mass balance 
error d𝑚𝑚err is proportional to the measured pressure response 𝑝𝑝�msr (see Appendix A.7). 
Blank measurements yielded values in the range of 0.9–1.05 for Re(𝜓𝜓) and (–0.075)–0 
for Im(𝜓𝜓). The dependency of 𝜓𝜓 on mean temperature, mean pressure and frequency is 
fitted using a scaled and centred multivariate kriging model with noisy observations 
implemented in R (Roustant et al., 2012). After correction, the non-idealities of the 
pressure response are below 2% of the relative pressure response 𝑝𝑝� 𝑝𝑝0⁄ . Details are 
given in Appendix A.7. The typical pressure response (measured and corrected) in 
Figure 23 illustrates how correction and uncertainties mainly apply to higher 
frequencies. 

 

Figure 23: Comparison of the corrected pressure response to measured signals for a typical case, 
illustrating changes in uncertainties over frequency. The uncertainty of the measured signals (MKS and 
STS) take into account the missing corrections amongst others (c.f. Section 4.2.4.1). 

4.2.3.3 Temperature correction 

The response of the surface temperature is corrected for linearity errors arising from the 
IR measurement principle (complicated non-linear radiation mechanism and deviations 
of assumed optical surface properties) and the sensor LPF (𝜏𝜏𝑇𝑇 = 5 ms). Significant gas 
heating effects (Bourdin et al., 1998) could not be observed in blank experiments with a 
graphite coated (GRAPHIT 33, Kontakt Chemie) aluminium sheet and are therefore not 
corrected. To correct the linearity error, the change in the measured IR signal 
Δ𝑇𝑇smpSrf,msr is compared to the change in the cold plate temperature Δ𝑇𝑇cldPlt at small 
increments (±2 K) around the measurement temperature after reaching a steady state at 
the same state (pressure, loading) as the FR measurement. Deviations are in the order of 
some percentage points. For the LPF correction see above (Section 4.2.3.1). The overall 
correction function is: 
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 𝑇𝑇�smpSrf,cor =
Δ𝑇𝑇cldPlt

Δ𝑇𝑇smpSrf
(𝑖𝑖2𝜋𝜋𝑓𝑓blw𝜏𝜏𝑇𝑇 + 1)𝑇𝑇�smpSrf,msr. (102) 

4.2.4 Uncertainty analysis 

Uncertainty analysis has been carried out using the Guide to the expression of uncertainty 
in measurement (GUM) as a basis (JCGM, 2008). 

4.2.4.1 Frequency response 

The FR encompasses the measurement of the complex system response and excitation 
(𝑝𝑝�ch,𝑇𝑇�smpSrf and 𝑉𝑉�ch) and the absolute mean values (𝑝𝑝0 = �̅�𝑝ch,𝑇𝑇0 = 𝑇𝑇�smpSrf,𝑉𝑉0 = 𝑉𝑉�ch). 

Mean values 

Standard uncertainties of mean chamber volume, chamber pressure and sample 
temperature are estimated by combining all applicable uncertainties of sensors and 
DAQ. Uncertainties stated as temperature dependent are assumed interdependent and 
thus combined linearly. All other uncertainties are assume independent and combined 
quadratically. In all cases, uncertainties of the mean (Type A uncertainties) are negligible 
due to the great number of samples (> 104) per evaluated data point. 

The mean chamber volume is about 885 ml for all measurements and is calculated 
based on the measurement of the bellow position with a LVDT sensor. Its total 
uncertainty varies with measurement temperature between 0.4 ml (20 °C) and 1.3 ml 
(80 °C). This includes contributions from the calibration between chamber volume and 
bellow position (0.4 ml), the absolute non-reproducibility of the LVDT sensor (0.07 ml) 
and the DAQ (0.01 ml), the temperature drift of the LVDT sensor (< 0.2 ml) and its 
electronic module (< 0.04 ml) and thermal expansion effects (< 0.9 ml), including the 
absolute thermal expansion of the chamber and the difference in thermal expansion of 
the chamber (stainless steel) and the LVDT sensor core rod (brass). 

The mean chamber pressure is evaluated from the MKS Baratron signal independent 
of frequency. Its uncertainty varies between 0.05 mbar (�̅�𝑝 = 5 mbar) and 0.15 mbar 
(�̅�𝑝 = 100 mbar) including sensor uncertainty with temperature drift and zero shift (0.04 
– 0.15 mbar) and DAQ uncertainty (0.03 – 0.04 mbar). 

The mean sample temperature is measured with a Pt100 sensor placed inside a blind 
hole in the cold plate. Its uncertainty is estimated at 0.07 K including uncertainties from 
calibration7 (0.03 K) and DAQ (0.06 K). 

Complex responses 

Standard uncertainties of the measured complex responses of the measurement 
chamber pressure and the sample surface temperature as well as the complex excitation 
of the measurement chamber volume have been estimated with a procedure based as 
much as possible on GUM (JCGM, 2008). The different contributions to the overall 

                                                        
7 Calibrated against the Pt100 reference thermometer Physics 1000 (𝜎𝜎𝑇𝑇 = 0.02 K) 
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uncertainty are described in the second part of this section after a short introduction on 
complex error propagation. 

Complex uncertainty propagation is not explicitly treated by GUM (JCGM, 2008). 
However, it can be carried out as bivariate combination of real and imaginary part 
uncertainties; whereas a combination of modulus and argument uncertainties has a 
strong bias for values close to 0 + 𝑖𝑖0 and are advised against (Ridler & Salter, 2002). It is 
assumed that the influence of covariances between real and imaginary part can be 
neglected. Further elaborated methods of complex uncertainty propagation can be found 
e.g. in Hall (2004). 

The complex error propagation under these assumptions can be illustrated for the 
simple case of a complex output quantity 𝑦𝑦� = 𝑦𝑦1 + 𝑖𝑖𝑦𝑦2 that depends on an input quantity 
𝑥𝑥� = 𝑥𝑥1 + 𝑖𝑖𝑥𝑥2 with the functional relationship 

 𝑦𝑦� = 𝑓𝑓(𝑥𝑥�) (103) 

as follows. The functional relationship can be rewritten with real variables as 

 𝑦𝑦1 + 𝑖𝑖𝑦𝑦2 = 𝑓𝑓1(𝑥𝑥1, 𝑥𝑥2) + 𝑖𝑖𝑓𝑓2(𝑥𝑥1, 𝑥𝑥2). (104) 

Where 𝑓𝑓1 and 𝑓𝑓2 denote the real and imaginary part of the complex function 𝑓𝑓. The 
uncertainty of 𝑦𝑦� is then 
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. (105) 

The partial derivatives in Eq. (105) are solved numerically with appropriate step 
widths as part of the data evaluation routine. If required, the real and imaginary 
uncertainty of the output variable are also expressed as uncertainty of amplitude and 
phase (i.e. modulus and argument) following a transformation algorithm by Hall (2007). 

Uncertainties of the complex response may arise from time lags in the DAQ, hysteresis 
effects, random effects (noise), linearity uncertainty and imperfect corrections. All 
effects contributing to the absolute uncertainty only (offsets, temperature drifts) are not 
relevant as the Fourier transform is insensitive to changes of the mean value. In contrast, 
linear errors of the values measured in time are directly fed through as linear errors of 
the Fourier transformed values. 

The time-lag-related uncertainties are negligible. The sampling rate per channel was 
10 kHz for all measurements, thus the between-channels time lag is < 0.1 ms, < 0.05% of 
the shortest bellow period (200 ms).  

Hysteresis was observed to be insignificant compared to the uncertainty from other 
sources for pressure and chamber volume measurements in specially designed tests8. In 
contrast to pressure measurements, were a moving diaphragm may be prone to some 

                                                        
8 Using the direct control of the stepper motor the same position was attained from above and below. 
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kind of stiction, for IR surface temperature measurements no physical mechanism for 
hysteresis could be identified. In addition, a coarse hysteresis testing9 was carried out 
showing no significant effect. 

 

Figure 24: Example of a section of the temporal signal and noise used in the Monte Carlo simulation to 
estimate uncertainty (here for the surface temperature) from random effects (𝑓𝑓𝑏𝑏𝑙𝑙𝑤𝑤 = 1 Hz, 𝑇𝑇� = 0.39 K, 
40 °C, 16.6 mbar) showing 5 of 35 evaluated periods 

 

Figure 25: Result of the Monte Carlo simulation for the example shown in Figure 24 as complex scatter 
plot of the difference between the actual signal 𝑦𝑦 and the signal found in the noisy time series 𝑦𝑦sim in K 
(𝜎𝜎𝑇𝑇 = 0.030 + 𝑖𝑖0.025 K) 

Uncertainties arising from random effects were estimated for all signals with a Monte 
Carlo simulation based on steady state measurements (pure noise) under the same 
conditions as the actual measurement (sample, temperature, loading). For the 

                                                        
9 Using the lab thermostats the same temperature set point was attained from above and below. 
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simulation, an artificial signal of the same amplitude and length as in the actual 
measurement was superposed to the pure noise. Then, the noisy signal is processed like 
the measurement (Figure 24). Finally, the uncertainty was deduced from the variance 
between the detected signal and the actual signal for a large number of runs (Figure 25). 
For each run (𝑛𝑛 ≥ 1000), the section of the pure noise used and the phase of the artificial 
signal were shifted in random draws from a uniform distribution based on the 
“Mersenne twister” algorithm (Matsumoto & Nishimura, 1998) implemented in R (R 
Core Team, 2020) in order to avoid interference bias. 

For the chamber volume perturbation, the linearity uncertainty arises from the DAQ 
like for all measurands (0.04%) and from the LVDT sensor (0.1%). The imperfect 
calibration between chamber volume and bellow position accounts for an uncertainty of 
1.1% (±0.4 ml per 37 ml amplitude). The uncertainty of the correction of the sensor LPF 
characteristic (cut-off frequency 800 Hz) is assumed with 25% of the correction factor. 
This yields uncertainty contributions to the imaginary part for higher frequencies of 
0.4 ml (5 Hz) to 0.04 ml (0.5 Hz). The uncertainty contribution to the real part is 
negligible. So is the effect of thermal expansion on the volume perturbation. 

The pressure response is calculated with a two-step correction based on the 
measured signal from the STS ATM sensor (c.f. Section 4.2.3.2). The uncertainty 
estimation includes the random and DAQ uncertainty of the uncorrected pressure sensor 
signal. The uncertainty contributions from the amplitude correction (per-measurement 
calibration of amplitudes from STS to MKS at low frequencies using a linear model) and 
from the empty chamber correction are estimated based on the standard uncertainty 
estimation of the respective correction models as implemented10 in R and random 
uncertainties of the measurements the corrections are based upon. All uncertainty 
contributions are combined with complex uncertainty propagation methods (Hall, 
2004). 

The sample surface temperature is based on the IR-sensor measurement, corrected 
for LPF effects and linearity errors (c.f. Section 4.2.3.3). The random effect of the 
background noise in the signal is taken into account with Monte Carlo simulations (see 
above), which is by far the biggest uncertainty contribution for higher frequencies. The 
uncertainty arising from the low-pass-filter correction is assumed to be 25% of the 
correction factor, to account for the uncertainty of the time constant and deviations from 
the assumed first order LPF. The uncertainty of the calibration-based linearity correction 
takes into account the linearity error of the calibration reference (the cold plate 
temperature 𝑇𝑇cldPlt) and the random noise during calibration.  

4.2.4.2 Sorption equilibrium and enthalpy 

The uncertainty of the equilibrium slopes is based on the uncertainty of the means of the 
measured values for each section (c.f. Section 4.2.2.2) and straight forward uncertainty 
propagation. In contrast to the above-mentioned mean values of the FR measurements, 
here, the limited number of samples is relevant. Thus, the standard uncertainty of the 
mean is taken into account as type A uncertainty for temperature and volume. For the 
extrapolated pressure, the uncertainty of the extrapolation is taken into account as 
based on the propagation of the measured value and slope uncertainties through Eq. 
(165). Uncertainties of slopes and values can be obtained from the linear regression in 
the respective sections (Chambers & Hastie, 1992). All other signals (temperature and 
                                                        
10 For both, the simple linear model and the multivariate kriging model, the function predic(…, se.fit 

= TRUE)$se.fit returns estimates for the standard uncertainty of the model return values. 
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pressure where no correctable background signal was observed) are extrapolated with a 
constant value (zero slope) and, in order to take into account any uncorrected drift 
effects, the small slope measured is assumed to be the standard uncertainty of this zero 
slope. 

The uncertainty of the adsorbent dry mass is assumed to be 5%, if not otherwise 
stated. 

4.3 Differential Scanning Calorimetry 

Table 7: Conditions for DSC-based specific heat capacity measurements  

Quantity  Range 
Loading  𝑋𝑋  0.05, 0.2 and 0.35 kg/kgs 
Effective loading  𝑋𝑋eff  0.04, 0.15 and 0.26 kg/kgcmp 
Temperature  𝑇𝑇  30, 50, 70 and 90 °C 
Principle - Temperature steps 

 

Adsorbent 
(wet)

Balance Balance

Balance

Oven

 Dry Mass 𝑚𝑚dry

DSC DSC

1. Filling 2. Drying 4. Adding Water

5. Weighing (wet) 6. Curing 7. 𝑐𝑐𝑝𝑝-Measurement

8. Tightness Control

 Enthalpy Δ𝐻𝐻

 Temperature Δ𝑇𝑇

Balance

3. Weighing (dry)

80 °C

4 h

20 K

�̇�𝑄
2 h Loading 𝑋𝑋

DSC Crucible

Reference Crucible

 

Figure 26: Procedure for loading dependent 𝑐𝑐𝑝𝑝 measurement by DSC, principal measurement quantities 
obtained are highlighted in grey, calibration measurements with empty crucible and sapphire reference are 
not shown for clarity 

The specific heat capacity (c.f. Section 2.1.3) of the adsorbent coating is measured by 
DSC for different temperatures and loadings given in Table 7. Samples are taken from the 
same well mixed dispersion used for coatings (c.f. Section 4.1) to ensure equal 
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composition. Measurements were performed using two commercial devices: “micro DSC 
III” (Setaram) and “µSC” (Setaram).  

A specially adapted procedure is used for sample preparation and measurement, in 
order to realise measurements at different loadings. The approach, based on tightly 
sealed crucibles, is comparable to those reported in literature (Aristov et al., 1997; 
Cacciola et al., 1998; Aristov, 2012), but with a step-wise temperature profile, to rule out 
temperature lag (c.f. Section 2.1.4). 

The procedure (c.f. Figure 26), which is performed for each loading point, consists of 
several preparatory steps, in order to set, measure, and control the loading set point. The 
sample in unknown state is filled (1) into the crucible of known mass, minimising the 
void volume. After drying overnight in a vacuum oven (2), the hot sample is quickly 
weighted (3) to determine the sample dry mass 𝑚𝑚dry. Subsequently, deionised water is 
dosed in with a micropipette (4) until the target mass is reached, which is calculated 
from the dry mass and the loading set point. Then, the crucible is quickly and thoroughly 
sealed with a lid of know mass and weighted again (5). The mass of the sealed crucible is 
used to calculate the actual loading 𝑋𝑋, which might differ slightly due to water 
evaporating during the sealing procedure. In order to ensure an even adsorbate 
distribution, a curing step at 80 °C for 4 h (6) is set before the actual DSC measurement 
(7). The latter is performed with a sequence of increasing and decreasing temperature 
steps, which is repeated twice to check for settling effects. The reported temperature is 
the mean temperature per step, e.g., 30 °C for the step of 20→40 °C. Increasing and 
decreasing temperatures are an additional check for the effect of bias from ad- and 
desorption (c.f. Section 2.1.4): Desorption into the air filled void volume (with increasing 
temperature) should occur faster than adsorption (with decreasing temperature), as in 
the latter case a dry air film is built up on the adsorbent surface creating an additional 
diffusion barrier. This should manifest as a difference between results from increasing 
and decreasing temperatures under otherwise same conditions. Finally, the crucible is 
weighted a last time after dismounting (8) to exclude leakage of water during the 
measurement. Standard calibration routines are observed, including measurements with 
empty crucibles and with a sapphire reference. For dry measurements steps 4 and 5 
were omitted. 

4.4 Large Temperature Jump 

Large temperature jump experiments serve as a reference to validate the FR-based 
investigation of adsorption dynamics (c.f. Section 5.4.4) and for performance assessment 
under application conditions (c.f. Section 5.5.3). The measurements are carried out on 
the same sorption kinetic setup (c.f. Section 4.2.1). The procedure consists of initial 
desorption against the vacuum pump, and pre-conditioning to a desired starting 
temperature and pressure, where the latter is directly defined through the vapour 
generator. After closing the valve to the vapour generator and an additional equilibration 
time, the cold plate temperature is changed rapidly (~1 s) by switching between 
thermostat T1 and T2 (c.f. Figure 19). After this jump, the temporal evolution of the 
sample surface temperature and the pressure in the two connected chambers is 
measured until a new equilibrium is reached, in order to calculate the loading difference 
over time from the mass balance. This method was implemented on the setup and 
extensively documented before (Velte et al., 2017; Velte, 2019). 
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5. Results and Discussion 

The results are presented in three main parts: The chapter starts with the material 
properties of the coating, identified in-situ with the pre-procedure of the extended FRA 
(sorption equilibrium and enthalpy) and measured externally by DSC (specific heat 
capacity). Then, the actual FRA results are presented alongside with the identified heat 
and mass transfer (HMT) parameters. Finally, the concept of effective thermal 
resistances is applied to the obtained transport coefficients, which translates them into 
intuitive and application-relevant quantities that allow a simplified performance 
estimation of exemplary Ad-HX designs. 

LTJ measurements under application-like temperature conditions are used as a 
validation reference for both, the material properties and HMT parameters identified by 
the extended FRA, and for the simplified performance estimation based on effective 
thermal resistances. For the validation of the model obtained by the extended FRA, all 
identification results are fed into a transient non-linear adsorption dynamic model that 
is used to predict the temporal evolution of the LTJ, which is then compared to the actual 
experimental observation. The simplified performance estimation, on the other hand, is 
compared to the conventional performance estimation based on the characteristic times 
and uptakes obtained from the LTJ results. 

Results of the extended FRA, the sorption equilibrium and enthalpy (Laurenz et al., 
2020) as well as the FRA itself (Laurenz et al., 2021), have partly been published in 
journal papers before. 

5.1 Adsorption Equilibrium 

 

Figure 27: Sorption equilibrium points from FR measurements for Ct_140 (▲), Ct_240 (■) and Ct_610 (●) 
at 30, 40 and 60 °C in comparison with the 40 °C isotherm of the pure adsorbent powder (+), as effective 
loading 𝑋𝑋eff, i.e. related to the total sample dry mass, (left) and as loading 𝑋𝑋, i.e. related to the adsorbent 
mass only, (right); grey lines indicate the local equilibrium slope measured by small volume jumps 

The water isotherm of the adsorbent powder at 40 °C (Figure 27, Table 12 in Appendix 
A.10) show the characteristic step-like uptake, at a relative pressure of about 0.25–0.3, to 

c by Laurenz et al., 2020 / CC BY 4.0 
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a plateau at 0.32 kg/kg and is in line with (Kummer et al., 2017b) or slightly lower than 
(Jeremias et al., 2014; Elsayed et al., 2016) previous results. Measured local isotherm 
slopes are in agreement with the tangent for 40 °C. The position of the uptake step is 
reproducibly within the samples and shows a strong temperature dependency that 
persists when applying a Dubinin transformation (Dubinin & Astakhov, 1971). Hence, 
the assumption of a temperature invariant characteristic curve is a strong simplification 
for aluminium fumarate and should be applied with caution. The exact position of the 
uptake step is an important information for application as it determines the available 
driving forces and finally the resulting equipment power (Wittstadt et al., 2017). 

No significant hysteresis was observed, neither locally by the procedure explained 
before (Section 4.2.2.2) nor globally. For the latter, the vapour dosing procedure was 
modified starting with the saturated sample (𝑝𝑝rel = 0.5, 𝑇𝑇 = 40 °C, 𝑋𝑋init = 0.33 kg/kgs) 
and desorbing into the dosing chamber. Probably, the hysteresis found in previous 
results is due to incomplete equilibrium and/or pore condensation occurring at 
𝑝𝑝rel ≫ 0.5. This region of high relative pressures was disregarded here due its limited 
relevance for heat transformation applications. 

The adsorbent content 𝑤𝑤s,dry, which is calculated by comparing the uptake of the 
sample to that of the powder (Figure 27, right), fits on average the values calculated at 
sample preparation (Table 4) showing that the binder has no significant influence on 
adsorption equilibrium. The results show good agreement between the two thicker 
samples and a slight deviation of the thinnest sample Ct_140, which could be explained 
by a slightly lower adsorbent content of the coating. The difference to the uptake of the 
pure adsorbent can be explained by the inert binder, loss due to the coating process, 
differences in the production process and measurement uncertainty of the manometric 
adsorption measurement. 

An evaluation in the form a characteristic curve in the Dubinin formalism (c.f. Section 
2.1.1), which is presented in the Appendix A.8, shows clearly that the required 
temperature-invariance assumption may not be made for Alfum–water. While highly 
relevant, this deviation is small and barely visible if the data is presented with a large 
range of the adsorption potential on the 𝑥𝑥-axis as it is commonly encountered in 
literature (Ammann et al., 2019). 

5.2 Adsorption Enthalpy 

The calculated differential enthalpy of adsorption is 2.90±0.05 MJ/kg (52.2±1.0 kJ/mol) 
on average (Figure 29). The calculation with Eq. (19) is based on either the local 
equilibrium slope or on a linear fit of the quasi isosteric points (𝑋𝑋eff ≈ 0.16 g/g) 
measured at 30, 40 and 60 °C. The Clausius–Clapeyron plot (Figure 28) shows that local 
slopes coincidence well with the multi-temperature fit, and so do the calculated 
enthalpies. Temperature and loading dependencies are negligible in the parameter range 
evaluated (Figure 29). Calorimetric measurements of water on SAPO-34, which also 
exhibits a step-like isotherm but at a lower relative pressure, found a similar plateau in 
the loading dependency of the differential adsorption enthalpy at 63.0 ± 2.5 kJ/mol for 
the region of the uptake step (Jänchen et al., 2005). 

The adsorption enthalpy is about 10–15% higher than expected by a simple Dubinin 
approximation (c.f. Eq. (20), Section 2.1.2), which is in accordance to the observed 
temperature variance of the isotherm. Thus, the application of both concepts, that of a 
characteristic curve to describe the sorption equilibrium and that of the adsorption 
potential to describe the sorption enthalpy, result in a rather rough approximation for 
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the case of aluminium fumarate. This is also in line with similar observations made for 
SAPO-34 (Jänchen et al., 2005). 

 

Figure 28: Clausius–Clapeyron plot with 
measured equilibrium points (𝑝𝑝0 = 1 bar) for 
different samples (▲ Ct_140, ■ Ct_240, ● Ct_610) 
and isostere slope calculated from measured local 
deviations (short grey lines) and linear fit of 
points with 𝑋𝑋eff ≈ 0.16 g/g (- - -), uncertainties of 
𝑇𝑇 and 𝑝𝑝 are bellow point size; Right:  

 

Figure 29: Differential adsorption enthalpy 
calculated from isostere slopes of local equilibria 
and 0.16-g/g-fit over corrected loading with the 
evaporation enthalpy of water (- - -), symbols as in 
Figure 28 

5.3 Specific Heat Capacity 

The specific heat capacity of the adsorbent composite samples shows the expected 
pronounced loading dependency (Figure 30). Here, the heat capacity is reported as 
𝑐𝑐𝑝𝑝,cmp+a, i.e. specific to the total composite dry mass, as it is not possible to distinguish 
between the composite constituents, binder and adsorbent. While in the first 
measurement cycle a slight discrepancy between de- and adsorption direction (rising 
and falling temperature) is observed, this vanishes in the second cycle, which is 
therefore used for the evaluation shown here. Only for the highest loading and 
temperatures beyond 50 °C, a slight direction dependency persists and rises with 
temperature. Here, the pressures and thus the amount of adsorptive in the void volume 
is the highest, which is a plausible explanation for this observation. Overall, the results 
from all samples, including the repeated measurement of sample Ct_240, agree well. 

The lines indicated in Figure 30 show the results of a non-linear fit to the ansatz 

 𝑐𝑐𝑝𝑝,cmp+a = 𝑘𝑘0 + (𝑇𝑇 − 25 °C)𝑘𝑘𝑇𝑇�������������
𝑐𝑐𝑝𝑝,cmp,dry

+ 𝑋𝑋eff (𝑘𝑘𝑇𝑇 + (𝑇𝑇 − 25 °C)𝑘𝑘𝑇𝑇𝑇𝑇 + 𝑋𝑋𝑘𝑘𝑇𝑇2)���������������������
"𝑐𝑐𝑝𝑝,a"

, (106) 

derived from a Taylor expansion around 25 °C, 0 kg/kg. While this fitting approach is 
equivalent to Eq. (29) with 𝑏𝑏2 = 0 (Aristov, 2012), the formulation in analogy to Eq. (25) 
(c.f. p32) allows to directly derive the apparent specific heat capacity of the adsorbate 
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𝑐𝑐𝑝𝑝,a through the specific heat capacity of the dry composite 𝑐𝑐𝑝𝑝,cmp,dry. This heat capacity 
relies on the assumption of an inert adsorbent, which may not necessarily be physically 
true here. Thus, the fitting parameter 𝑘𝑘𝑇𝑇2  should be zero or at least insignificant. As both 
is not the case (c.f. Table 8), it can be deduced that this assumption may not be made for 
aluminium fumarate. This observation is in line with the measured adsorption 
equilibrium and enthalpy, which both does not follow the simple Dubinin approximation 
Eq. (23) (c.f. p31) that is also based on the assumption of an inert adsorbent. 

 

Figure 30: Specific heat capacity of the binder based aluminium fumarate coating 𝑐𝑐𝑝𝑝,cmp+a (related to the 
composite dry mass) for different coating batches (▲ Ct_140, ■ Ct_240, ● Ct_610), points: experimental 
results, lines: non-linear fit , small symbols: direction of decreasing temperature (adsorption), large 
symbols: increasing temperature (desorption), direction independence is given, if small and large 
symbols superimpose, error bars omitted for clarity 

Table 8: Fitting parameter for Eq. (106), the loading and temperature dependent specific heat capacity of 
aluminium fumarate coating as used for adsorption dynamic models. 

Fitting parameter Estimate Std. Error 
𝑘𝑘0    1.077 kJ/(kg K) 0.008  

𝑘𝑘𝑇𝑇    0.00248 kJ/(kg K²) 0.00018     

𝑘𝑘𝑇𝑇    5.81 kJ/(kg K) 0.10  

𝑘𝑘𝑇𝑇𝑇𝑇    0.0271 kJ/(kg K²) 0.0011    

𝑘𝑘𝑇𝑇2  −7.11 kJ/(kg K) 0.28  

The same conclusion can be made if the experimental results and the deduced non-
linear fit are compared with the common inert-adsorbent-based approximation, which 
assume for the adsorbate either the specific heat capacity of ice or water at the 
respective temperature (Figure 31). Here, the approximation was made based on the 
temperature dependent 𝑐𝑐𝑝𝑝 of the dry composite (Figure 32), i.e. the deviations are zero 
at dry conditions (𝑋𝑋eff = 0). While for 30 °C the water-based approximation seems to 
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fairly match the experimental data, for 90 °C the maximum deviation is in the order of 
−20%. The ice-based approximation is even worse with deviations for higher loadings of 
about −20% and −30% at 30 °C and 90 °C, respectively.  

 

Figure 31: Comparison of the specific heat capacity of the adsorbent–adsorbate system as fitted based on 
measurement data (points, same data as Figure 30) with different common approximations based on inert 
adsorbent with a water- or ice-like adsorbate, the 𝑐𝑐𝑝𝑝 of ice was linearly temperature-extrapolated 

 

Figure 32: Heat capacity of the dry adsorbent coating 𝑐𝑐𝑝𝑝,cmp+a(𝑋𝑋eff = 0) for different coating batches 
(▲ Ct_140, ■ Ct_240), points: measurement data, line: result from overall fit 

In practice, the findings made here are relevant to the estimation of overall 
application efficiencies (c.f. p55) and for the estimation of heat transfer parameters, as 
adsorption dynamic experiments typically yield some kind of thermal time constants 
that must be split into a capacitive and a resistive part. The efficiency estimation is little 
sensitive to the specific heat capacity of the adsorbent, and so the deviations resulting 
from the water- or ice-based approximation, may be barely above the overall 
uncertainty. This applies at least to typical configurations with high loading spreads, 
where the amount of heat required for desorption is much greater than for the isosteric 
heat-up. However, for the identification of heat transfer parameters, the case is different, 
and the observed deviations from the simplified approximations must be taken into 

𝑇𝑇 = 30 °C 𝑇𝑇 = 90 °C 

Ice-based approx.. 

Water-based approx. 

Non-lin. fit (Figure 30) 
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account. Otherwise, the deviations in 𝑐𝑐𝑝𝑝 will directly propagate to the identified heat 
transfer parameters. 

 

Figure 33: Apparent specific heat capacity of the adsorbate 𝑐𝑐𝑝𝑝,a as a function of loading and temperature: 
Lines are calculated with the overall fit, points are based on measurement data for different coating 
batches (▲ Ct_140, ■ Ct_240, ● Ct_610) and fitted heat capacity of the dry adsorbent coating 

 The apparent specific heat capacity of the adsorbate 𝑐𝑐𝑝𝑝,a can be analysed more in 
depth. In order to calculate 𝑐𝑐𝑝𝑝,a from Eq. (30), the specific heat capacity of the 
(assumingly) inert composite 𝑐𝑐𝑝𝑝,cmp is derived from the “dry” measurements (Figure 32). 
Although highly scattered for small loadings, the 𝑐𝑐𝑝𝑝,a points evaluated with Eq. (30) 
confirm the lines derived from the overall fit Eq. (106) as shown in Figure 33. Values for 
𝑐𝑐𝑝𝑝,a are significantly higher than those for either pure water or ice, with a particularly 
pronounced loading dependency. The results confirm earlier results that also showed 
higher values for 𝑐𝑐𝑝𝑝,a than for pure water (c.f. Section 2.1.4, p36). This result is difficult to 
explain by an actual physical specific heat capacity of the adsorbed water. It seems more 
likely that the adsorption of water leads to a change of the specific enthalpy of the 
adsorbent, e.g., by slightly altering the crystalline structure, i.e. the adsorbent being not 
inert. Since an inert adsorbent was nevertheless assumed for the calculation of 𝑐𝑐𝑝𝑝,a, this 
change in the adsorbent is attributed to the adsorbate. For a non-inert adsorbent, the 
actual specific heat capacity of the adsorbate may not be calculated without further 
knowledge about 𝜕𝜕𝐻𝐻s 𝜕𝜕𝑚𝑚a⁄ , which is experimentally impossible up to now. 

5.4 Adsorption Dynamics – Frequency Response Analysis 

In this section, the measurement results will be first compared to different models in 
order to identify the relevant transport mechanisms. The best-fitting model will then be 
used to quantify the transport parameters, with a special attention on the interpretation 
of the mass transfer results. Finally, the loading and temperature dependent transport 
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parameters are fed into a non-linear time domain model. This allows to simulate a large 
temperature jump (LTJ) under realistic application conditions and to validate the 
parametrised model by comparing the simulation to experimental results. 

The measured FR (Figure 35) shows the typical bimodal shape observed before for 
non-isothermal adsorption systems (Sun & Bourdin, 1993; Bourdin et al., 1996b). Note 
that here Im(𝑝𝑝�) and Im�𝑇𝑇�� are proportional to the negative “out-of-phase curves” due to 
different phase shift definition. The maximum temperature amplitude is in the order of 
several 100 mK, which is typical of adsorption with water measured in the apparatus 
presented here and allows for a good signal-to-noise ratio. It is about one order of 
magnitude higher than the values reported by Bourdin et al. (1996b), making it easier to 
reach similar data quality with the higher noise levels of the simpler temperature 
measurement used in this work. 

The signal-to-noise ratio is sufficient, and for lower frequencies more than sufficient. 
This might allow further reduction of the measurement time, e.g., by replacing the 
single-frequency sinusoidal signal by a phase shifted multisine with a high signal power, 
i.e. a low crest factor (Bohn & Unbehauen, 2016). 

 

Figure 34: Box plot of the residual error for the two best-fitting models over the coating thickness 
(horizontal line: median, box: lower/upper quartile, whisker: full extend, dots: outliers)  

5.4.1 Model comparison 

The different models shown in Figure 11 are compared following two criteria: Their 
ability to reproduce the data, i.e. the residual error of the best estimate, and the 
plausibility of the identified transport parameters, especially when looking at the 
dependency on the coating thickness. 

For the example shown in Figure 35, the simple macro- and micropore diffusion 
models 0DHT_maD and 0DHT_miD fail to represent the experimental data (weighted 
residual error 𝐸𝐸�𝑷𝑷�� = 0.20). Due to the mathematically similar structure, both models 
yield the same best-fit shape for all measurements. As the mismatch is observed 
throughout all experiments, both models will be disregarded in the following. A better fit 
(𝐸𝐸�𝑷𝑷�� = 0.08) is achieved with the macropore diffusion + micro-LDF model 
(0DHT_maD_1D_LDF). However, the best fit (𝐸𝐸�𝑷𝑷�� = 0.04) is obtained when discretising 
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the heat transfer with the 1DHT_miLDF model. The simple 0DHT_LDF model returns the 
same fit result as 0DHT_maD_LDF, indicating that the macropore diffusion is not relevant 
to the example shown. For a similar reason the 0DHT_LDF model converges toward the 
results from the 1DHT_miLDF model when fitting other experiments: For large values of 
𝜆𝜆 (small Biot numbers), the solution of the 1DHT_miLDF model simplifies to that of the 
0DHT_LDF model, as the temperature distribution becomes homogeneous. Therefore, 
and for its limited information content, the 0DHT_LDF is disregarded in the following. 

 

Figure 35: Example for measured frequency response of water on the Alfum-coated sample Ct_610 at 
𝑝𝑝 = 18.5 mbar, 𝑇𝑇 = 40 °C and 𝑋𝑋eff = 0.09 g/g in comparison to best-fit results of different models for a 
geometric sequence of 14 frequencies between 0.01 and 4 Hz, shown as non-normalized real and 
imaginary part of the complex deviation variables of the chamber pressure 𝑝𝑝� and surface temperature 𝑇𝑇�  

Further assessment shows that the model 1DHT_miLDF is more appropriate than the 
model 0DHT_maD_LDF to plausibly represent the observed behaviour of all 
measurements. To this end, both models are further analysed looking at two aspects: the 
relative residual error 𝐸𝐸�𝑷𝑷�� (Figure 34, Figure 52 in Appendix A.9) and the identified 
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parameters 𝑷𝑷� (Figure 36). Starting with 𝐸𝐸�𝑷𝑷��, the overall best-fitting model is 
1DHT_miLDF (Figure 52). Furthermore, with the sample layer thickness, the residual 
error 𝐸𝐸�𝑷𝑷�� rises for 0DHT_maD_LDF and drops for 1DHT_miLDF (Figure 34). The 
difference between the two models lies in whether the heat conduction or the 
macropore diffusion is the dominant transport mechanism perpendicular to the coating 
layer. This becomes more relevant in the case of thicker coatings, indicating that the heat 
transport discretisation (1DHT_miLDF) is more relevant to catch the overall behaviour. 

 

 

Figure 36: Identified parameters using different models (first row: 0DHT_maD_LDF; second row: 
1DHT_LDF) over the effective loading for 𝑇𝑇 = 40 °C and different coating thicknesses (colours and 
symbols); Lines are only meant as guides to the eye. 

The second aspect, the identified transport parameters (Figure 36), supports this 
hypothesis by showing plausible results only for 1DHT_miLDF. Distributed transport 
parameters, like diffusivities, micro-level LDF-coefficients and thermal conductivities, 
should not depend on the coating thickness. However, for the 0DHT_maD_LDF model, a 
coating-thickness dependency is found for all parameters, whereas it is only plausible 
for the overall heat transfer coefficient ℎ to drop with rising coating thickness; 𝑘𝑘LDF and 
𝐷𝐷ma should be independent of the thickness, as all samples have the same composition. 
𝐷𝐷ma is expected to rise with the pressure, but it shows an implausible U-shaped loading 
dependency. The heat transfer coefficient is expected to depend on the pressure and the 
grain–grain contact properties, but it also shows a slightly chaotic U-shape-like loading 
dependency, which also is not plausible. For the 1DHT_LDF model, a coating-thickness-
independent U-shaped loading dependency is found for the LDF-coefficient 𝑘𝑘LDF. 
Assuming that the underlying mass transfer process is related to the micropore 
transport diffusivity, this can plausibly be explained by the strong change of the 
thermodynamic factor, as will be discussed later. Yet, the two heat transfer-related 
parameters, 𝜆𝜆 and ℎ, are fluctuating arbitrarily by orders of magnitude for the thinner 
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samples. Only fits to measurements of the thickest sample yield a plausible thermal 
conductivity in the order of 0.1 W/(m K), independent of the loading.  

In the following, the evaluation will thus focus on the 1HT_miLDF model. 

5.4.2 Identified transport parameters 

Based on the model with discretised heat transfer and LDF-simplified micro-scale mass 
transfer (1DHT_miLDF), the thermal conductivity 𝜆𝜆 of the samples was identified as 
about 0.07 W/(m K). Values for 𝑘𝑘LDF are between 0.1 and 3 s–1 at 40 °C with a 
characteristically U-shaped loading dependency (Figure 39). The heat transfer 
coefficient ℎ for the contact between coating and support was identified as ≥ 4 ×
103 W/(m2K). An upper boundary for ℎ cannot be given, as it proved to be irrelevant to 
the overall transport process (non-identifiable). Details will be discussed in the 
following. 

 

Figure 37: Contour plot of 𝐸𝐸(𝑷𝑷) over 𝜆𝜆 and ℎ for the simultaneous fit of measurement results of the three 
samples (Ct140, Ct240, Ct610) under similar conditions (𝑋𝑋0,eff ≈ 0.16 g/g, 𝑇𝑇0 = 40 °C, 𝑝𝑝0 ≈ 20.7 mbar) to 
the model 1DHT_miLDF with 𝑘𝑘LDF fixed at the best estimate (9.8 × 10−2 1/s), open circle: minimum 
found by the fitting algorithm, red cross: minimum found by parameter variation for creating this plot, 
bold line: standard confidence limit (c.f. Eq (75), p68) 

The sensitivity of the individual fit results to ℎ is extremely low (Figure 53 in 
Appendix A.9). For the thinner samples, any combination of 𝜆𝜆 and ℎ, resulting in the 
same total heat transfer resistance, yields similar values of the error functional, whereas 
for the thicker sample, only high enough values of ℎ yield good fits. This explains the 
arbitrary oscillation of 𝜆𝜆 and ℎ for Ct_240 in Figure 36: The fitting algorithm will 
arbitrarily return any value from the long stretched minimum “valley” of 𝐸𝐸(𝑷𝑷). As 𝜆𝜆, ℎ 
and 𝑘𝑘LDF should be equal for all samples and to increase the power of the parameter 
identification procedure, the fit procedure was applied to find a single set of parameters 
fitting well to multiple samples (“multi-fit”). For this, experimental results from all three 
samples were pooled for similar 𝑋𝑋,𝑇𝑇-states and fitted to a single 𝑷𝑷 while all other 
specific model parameters were kept at the precise state of each individual 
measurement and sample. The contour plot of 𝐸𝐸(𝑷𝑷) in the 𝑘𝑘�LDF-plane (Figure 37) 

𝑘𝑘LDF = 9.8 × 10−2 1/s 
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reveals that values below 4 × 103 W/(m2K) are unlikely for ℎ, but no upper boundary 
can be given.  

In the following, the model results will therefore be presented based on an ideal (i.e. 
non-limiting) thermal contact (i.e. ℎ → ∞). As the values obtained for 𝜆𝜆 rise with 
decreasing ℎ, this approach yields conservative estimates for 𝜆𝜆. In the case analysed in 
Figure 37, this leads to a maximum underestimation of less than 0.02 W/(m K) which is 
within the standard confidence level. 

 

Figure 38: Contour plot of 𝐸𝐸(𝑷𝑷) over 𝑘𝑘LDF and 𝜆𝜆 for the same fit as in Figure 37 for model 1DHT_miLDF 
with ideal thermal contact (ℎ → ∞), bold line: standard (68%) confidence limit, error bars depict the 
definition confidence limits used in the other plots, open circle: minimum found by the fitting algorithm, 
red cross: minimum found by parameter variation for creating this plot 

For the ideal-contact model, the form of the confidence region of 𝑘𝑘LDF and 𝜆𝜆 shows 
that the two variables can be distinguished clearly (Figure 38). The maximal extent of 
the standard confidence region as depicted will be used as a definition for error bars in 
the following plots. A three-dimensional evaluation of the standard confidence region is 
possible in principle, but omitted here for computational constraints and limited insight 
gain. 

The parameter values identified with the ideal-contact model do not show any 
significant dependency on the coating thickness (Figure 39). The thermal conductivity of 
the coating is found to be constant throughout all measurement points, with values 
around 0.07 W/(m K), which seems plausible if compared to, e.g., the true thermal 
conductivity of 0.14–0.2 W/(m K) reported for silica gels (Kast, 1988; Bathen & 
Breitbach, 2001). It can be expected that the thermal conductivity is lower for the porous 
coating than for the pure solid adsorbent, due to contact resistances and increased path 
lengths. The missing loading and pressure dependency that one might expect, and which 
was reported before for, e.g., granular beds of silica gel–water (Gurgel et al., 2001), could 
be explained by a heat transfer, which is limited by binder–adsorbent contact resistances 
and conduction in the binder and/or the gas phase. The – possibly loading dependent – 
thermal conductivity of the adsorbent crystal would just add a low, thus invisible at 
macro scale, conductive resistance in series. Assuming macropores in the order of the 
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adsorbent particles (𝑑𝑑 = 18 µm), the inverse Knudsen number under experimental 
conditions is in the order of 5–25, which leads to only minor deviations from the 
(pressure-independent) gas phase thermal conductivity (Kaganer, 1969). Given that the 
macropore diffusion is not limiting the overall dynamics, the thermal conductivity might 
be worth addressing by, e.g., densifying the coating. The results for micro-scale mass 
transfer hardly differ from the non-idealised model (Figure 36). 

 

Figure 39: Estimated parameters from the model 1DHT_LDF with ideal thermal contact between support 
and coating for different coating thicknesses over the effective loading, “multi” (filled symbols) indicates 
results from simultaneous fit of all samples for similar 𝑋𝑋,𝑇𝑇 conditions with non-ideal thermal contact. 𝐷𝐷mi 
tentatively calculated form 𝑘𝑘LDF, see Section 5.4.3 for details. Lines are only meant as guides to the eye. 

5.4.3 Interpretation of micro-scale mass transfer 

Even though the mass transfer at micro level can be successfully described with an LDF-
approach, this does not determine its physical nature. In a first hypothesis, it could be 
adsorbate diffusion, which, in the model, is approximated by the LDF-approach.  

In this case, the micropore transport diffusivity 𝐷𝐷mi (secondary 𝑦𝑦-axis of Figure 39b) 
could be calculated from 𝑘𝑘LDF according to Eq. (49) with the mean particle radius as the 
diffusion length (9 µm, c.f. Appendix A.5, Figure 48), and a curvature factor 𝜎𝜎 = 1, 
accounting for the 1D channel structure of Alfum. Further, the adsorbate diffusivity 𝐷𝐷ad, 
i.e. the self-diffusivity, could be calculated through the Darken factor Γ = d ln𝑝𝑝 d ln𝑋𝑋⁄  
with Eq. (45). Interestingly, this correction compensates for most of the loading 
dependency observed for 𝑘𝑘LDF, with values for 𝐷𝐷ad of about 1 × 10−11 m2/s at 40 °C 
(Figure 40).  

This supposed adsorbate diffusivity may be compared to literature data for the same 
material. PFG-NMR measurements (c.f. Section 2.2.3.3) of water in saturated Alfum at 
25 °C yielded self-diffusivities of 𝐷𝐷∥ = (6.0 ± 0.4) × 10−10 m2/s and 𝐷𝐷⊥ = (5.0 ± 0.4) ×
10−12 m2/s for the diffusion in the direction of the 1D channels and perpendicular to 
them (Splith et al., 2018), while the overall diffusion is dominated by 𝐷𝐷∥. In Figure 40, the 
estimate of 𝐷𝐷ad, which is thought equivalent to 𝐷𝐷∥, directly depends on the assumptions 
of the validity of the LDF approximation and the diffusion path length. However, a wrong 
diffusion path length is not able to explain the discrepancy of about two orders of 
magnitude between 𝐷𝐷ad, shown in Figure 40, and the PFG-NMR-based 𝐷𝐷∥: The diffusion 

a) b) 
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path length would need to be in the order of 100 µm instead of 9 µm, which is 
impossible, given the results of the particle size measurements (c.f. Appendix A.5).  

 

Figure 40: Inverse Darken factor calculated from Figure 27 and adsorbate diffusivity tentatively 
calculated from identified micro transport diffusivity (Figure 39). 𝐷𝐷∥ and 𝐷𝐷⊥ are values reported by Splith 
et al. (2018) for the diffusion in the 1D channels and perpendicular to them 

 

Figure 41: Arrhenius plot of the adsorbate (self) diffusion of water in aluminium fumarate with linear fit 
and standard error (blue line, grey area) for points with similar loading (𝑋𝑋eff = 0.16 ± 0.02 kg/kgcmp) of 
all three coating thicknesses evaluated, the fit refers to the bottom and left axes 

It seems more likely that deriving a micropore diffusion coefficient from the LDF 
approximation is misleading here, especially as the derivation of Eq. (49), the relation 
between LDF and diffusion, is based on the assumption of homogeneous uptake 
distribution (�̇�𝑋(𝑥𝑥) = const.). This assumption becomes weak in FR experiments for 
frequencies above the diffusion time constant, when the deeper layers are no longer 
reached by the fluctuation at the surface.  

𝐷𝐷∥ 

𝐷𝐷⊥ 
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Irrespective of the physical interpretation, the data allows an Arrhenius-plot of points 
with similar loading 𝑋𝑋eff ≈ 0.16 g/g and different temperatures (Figure 41). It shows the 
linear form of the inverse temperature dependency, expected according to Eq. (47), with 
an activation energy 𝐸𝐸a of 55.0 ± 3.1 kJ/mol. As the Darken factor is barely temperature 
dependent, this evaluation also describes the temperature dependency of 𝑘𝑘LDF. The 
supposed activation energy is higher than, e.g., the 28–36 kJ/mol found for water in 
Chabazite B, Gmelinite and Heulandite (Barrer & Fender, 1961), or the 2–12 kJ/mol 
measured by PFG-NMR for water in MIL-100(Al) (Splith et al., 2017).  

While the LDF model reproduces the experimental FR results particularly well, 𝑘𝑘LDF 
might have a different physical meaning. In any case, this unknown mass transfer barrier 
exhibits some kind of Darken-like loading, and an Arrhenius-like temperature 
dependency. However, this open question to be further investigated, does not affect the 
quality of the description of the macroscopic processes, as shown in the next section. 

5.4.4 Validation with LTJ results 

The identified transport and thermodynamic parameters were used for a non-linear 
simulation of an LTJ response, using an existing implementation of the 1DHT_miLDF 
model (Figure 11f) in the time domain (Velte et al., 2017). The results are compared to 
LTJ results on the same samples, which have been published elsewhere before (Laurenz 
et al., 2019). The simulation is based on a loading- and temperature-dependent LDF 
coefficient, constant thermal conductivity, constant adsorption enthalpy and the fitted 
adsorption equilibrium; all as identified above. Details of the parametrization are given 
in Appendix A.10. The simulation is solely based on parameters identified by FRA, 
without any fitting in the time domain. 

  

Figure 42: Response of surface temperature (left) and chamber pressure (right) on a large jump of the cold 
plate temperature (desorption) measured for sample Ct_610 and simulated with the 𝑇𝑇,𝑋𝑋-dependent 
transport and equilibrium parameters identified in this work 

The results show very good agreement (Figure 42), validating the aforementioned 
procedures and identification results. The deviation between measurement and 
simulation show an improvement compared to previous works where similar transport 
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models were fitted directly in the time domain (Frazzica et al., 2014; Velte et al., 2017). 
One might suggest that the deviations observed before were rather due to the 
incompletely mapped state dependency of the transfer coefficients and not due to the 
general model simplification like the reduction of particle size and layer thickness 
distributions to single values. 

5.5 Expected Ad-HX Performance 

In this section, the identified transport parameters, presented in the last section, are put 
in perspective to an actual application. On the basis of the concept of effective thermal 
resistances developed in this work (Section 3.2), the overall relevance shall be measured 
on a coarse and accessible level. After calculating the effective thermal resistances, they 
are combined with the characteristic temperature difference, obtained from the 
measured adsorption equilibrium, to estimate the expected performance (c.f. Section 
3.2.4). Finally, the results will be compared to the performance deduced from LTJ 
measurements under application conditions. 
 

5.5.1 Effective thermal resistances 

The relevant effective thermal resistances are the heat transfer resistance 𝑅𝑅HT and the 
mass transfer resistance 𝑅𝑅MT, calculated from the obtained thermal conductivity and the 
LDF coefficient, respectively, with the relations derived before (Table 2). Both are 
expressed according to Eq. (80) with respect to heat exchanger area and with respect to 
the mass of adsorbent composite. These two perspectives are related to component 
volume and heat exchanger costs, and to adsorbent composite costs, respectively.  

The results in Figure 43 show that the total effective thermal resistance is strongly 
dependent on the layer thickness, but also on the thermodynamic state: For the thinnest 
coating Ct_140 the resistance is more than halved between 30 and 60 °C. For this sample 
also a pronounced loading dependency is observed with the resistance strongly 
decreasing with loading. Moreover, the dominating resistance depends on layer 
thickness and temperature: At 40 °C the thinnest sample Ct_140 is dominated by mass 
transfer, the thicker sample Ct_610 is completely governed by heat transfer, and the 
intermediate sample Ct_240 is roughly equilibrated. The layer thickness dependency is 
straight forward for the conductive heat transfer resistance. For the mass transfer 
resistance this effect is due to the mass-per-area ratio: In order to provide the same 
adsorption power per area, the same vapour flow has to penetrate into less adsorbent 
particles. This results in a higher molar flux on microscopic level, which can only be 
realised with larger driving forces. The mass transfer resistance drops with rising 
temperature and loading, whereas the heat transfer resistance barely changes with both, 
temperature and loading. The trends in terms of layer thickness, temperature and 
loading (i.e. pressure) have been also observed for binder based SAPO-34 coatings 
(Ammann et al., 2019). However, the results show that the loading dependency may be 
neglected in a first approximation, especially for the thicker cases, where the heat 
transfer resistance dominates. In this case, constant resistances may be used for a given 
operational point, where temperature does not change much throughout a half-cycle. 
Though, different effective resistances for ad- and desorption may be advisable to reflect 
the temperature dependency. 



5. Results and Discussion 

110 

The total area related effective thermal resistance is in the order of 1–4 (m2 K)/kW. 
This result is comparable to the reported values of 1.5–3.5 (m² K)/kW for binder based 
SAPO-34 coatings of 60–460 µm (Ammann et al., 2019), slightly higher than the 0.4–
1.8 (m² K)/kW for sintered aluminium fibres coated by partial support transformation 
(Velte, 2019), and significantly lower than the 10–20 (m² K)/kW for different layers of 
silica grains (Ammann et al., 2018). 

 

Figure 43: Equivalent thermal resistances of aluminium fumarate coating over loading for different 
temperature (colours) and thicknesses differentiated by resistance from mass transfer (LDF-
approximated) 𝑅𝑅MT and heat transfer (conduction in the composite layer) 𝑅𝑅HT, i.e. the coated area (left) or 
composite dry mass (right) required to provide 1 kW adsorption power at 1 K of driving temperature 
difference between support (fin) surface and equilibrium temperature 

In the mass related perspective (Figure 43, right) the differences in resistance, 
between thinner and thicker coatings, are much more pronounced for the heat transfer 
resistance and vanishes for mass transfer resistance. Thus, the material usage (power 
output per material input) is much better for thinner coatings, given that the low 
resistances may be leveraged by appropriately low resistances in the rest of the system. 
These other resistances, like the heat transfer in the remaining Ad-HX (conduction in 
fins, convection to the HTF), the heat and mass transfer in the evaporator/condenser or 
the pressure drop in the free vapour flow, can be quantified and compared with the same 
framework in a practical design process. 

In all cases the achievable power will need to be balanced with efficiency that is 
reduced with thinner coatings (Schnabel et al., 2018). An overall improvement would be 
achieved by improved thermal conductivity, as this would especially improve the 
performance of thicker coatings, where efficiency is high and mass transfer resistance is 
already low. 
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5.5.2 Estimation of expected SCP and COP 

In the following the effective heat transfer resistances are combined with the measured 
adsorption equilibrium to predict the specific cooling power (SCP) of an adsorption cycle 
with the method proposed in this work (c.f. Section 3.2.4). The coefficient of 
performance (COP) prediction is straightforward with the conventional energy balance 
approach (c.f. p55). Exemplary results are given for a fin-and-tube Ad-HX design and two 
sets of cycle conditions, which determine the effective driving temperature difference 
and the loading spread. 

The assumed cycle conditions are 𝑇𝑇1/𝑇𝑇23/𝑇𝑇4 = 65/35/20 °C (A) and 60/30/20 °C (B), 
representing a variation of driving and rejection temperature for the same cooling 
temperature. These are the conditions at the level of the adsorbent coating, i.e.: 
𝑇𝑇1 temperature of the metal support (fin) during desorption, 
𝑇𝑇23  temperature of the metal support (fin) during adsorption and saturation 

temperature (pure water) of the surface pressure during desorption, and 
𝑇𝑇4  saturation temperature (pure water) of the pressure at the coating surface 

during adsorption. 
Note that the conditions at the level of the external heat sources and sinks are different, 
as additional driving temperature differences as well as necessary temperature 
differences between heat exchanger in- and outlet need to be taken into account. Table 9 
summarises the cycle conditions and derived parameters, with an assumed additional 
overall difference of 5 K between the conditions at coating level and the external 
conditions. The variants are basically a variation of the temperature lift Δ𝑇𝑇lft = 𝑇𝑇3 − 𝑇𝑇4, 
while the temperature thrust Δ𝑇𝑇thr = 𝑇𝑇1 − 𝑇𝑇2 is kept constant (c.f. p53). 

Table 9: Assumed cycle conditions for SCP and COP prediction 

Variant  Conditions at Coating Level   External Conditions  
𝑇𝑇1/𝑇𝑇23/𝑇𝑇4 (°C) Δ𝑇𝑇lft Δ𝑇𝑇thr 𝑇𝑇1/𝑇𝑇23/𝑇𝑇4 (°C) Δ𝑇𝑇lft Δ𝑇𝑇thr 

A 65/35/20 15 K 30 K 70/30/25 5 K 40 K 
B 60/30/20 10 K 30 K 65/25/25 0 K 40 K 

The plot of Δ𝑇𝑇ch vs. 𝑋𝑋 (Figure 44) shows the equilibrium properties of aluminium 
fumarate together with the cycle conditions at coating level (Variant A only). The data 
confirms that the temperature dependency of Δ𝑇𝑇ch is negligible in a first approximation 
as expected (c.f. Table 3). The loading dependency is little pronounced in the mid-range 
and steeply rising to wards both end of the loading scale.  

By adding the external temperature differences Δ𝑇𝑇thr and Δ𝑇𝑇lft, the plot allows 
deducing some important parameters for performance approximation, as discussed in 
the following by going through the adsorption cycle: The desorption process starts at 
high loadings, ideally at 𝑋𝑋max, where the effective driving temperature difference 
(Δ𝑇𝑇drv,tot = Δ𝑇𝑇thr − Δ𝑇𝑇ch) is the highest (red arrows). During the desorption half-cycle 
the loading decreases down to 𝑋𝑋min, where Δ𝑇𝑇ch = Δ𝑇𝑇thr. Here, the desorption process 
reaches equilibrium, i.e. no driving force is available anymore to further desorb the 
adsorbent, and the cycle is switched to adsorption. At this low loading, the adsorption 
half-cycle starts with a high absolute value of Δ𝑇𝑇drv,tot (green arrows), that decreases 
until the adsorption process reaches equilibrium at the maximal loading 𝑋𝑋max, where 
Δ𝑇𝑇ch = Δ𝑇𝑇lft and the cycle is switched to desorption again. The isosteric phases are 
barely visible in this representation, as Δ𝑇𝑇ch is nearly temperature independent. 
However, and in contrast to the classical Clausius–Clapeyron plot (c.f. Figure 6), this plot 
allows deducing directly the two parameters required for SCP and COP prediction, 
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respectively: the available effective driving temperature difference Δ𝑇𝑇drv, and the 
available loading spread Δ𝑋𝑋.  

The maximum loading spread Δ𝑋𝑋max is a theoretical value reached at equilibrium, 
which results very low average heat flows, and that will be avoided in most applications. 
Thus, the exact position of 𝑋𝑋min and 𝑋𝑋max is less relevant, and so is the higher 
uncertainty and the apparently higher temperature dependency of 𝑇𝑇ch in this area. To 
allow for this, 15% of Δ𝑋𝑋max will be cut off at each end, based on an approach from 
Velte (2019). Similarly, the driving temperature differences will be roughly deduced from 
the inflection point of 𝑇𝑇ch at about 22.5 K and assumed constant. 

Δ𝑇𝑇drv,tot
(Desorption)

Δ𝑇𝑇drv,tot
(Adsorption)

Δ𝑋𝑋max

Δ𝑇𝑇thr = 65 °C − 35 °C = 30 K

Δ𝑇𝑇ch 𝑇𝑇

Δ𝑇𝑇lft = 35 °C − 20 °C = 15 K

Temporal Evolution (Desorption)

Temporal Evolution (Adsorption)

 

Figure 44: Characteristic temperature difference of Alfum–water over loading for different adsorbent 
temperatures (colour legend in °C), calculated from measured data (points, c.f. Figure 27) and fitted 
equilibrium (lines, c.f. Appendix A.10) for temperatures between 30 and 60 °C with the temperature lift 
and thrust of the Variant A cycle, i.e. 65/35/20 °C (temperature differences in K as dashed horizontal 
lines), coloured arrows indicate the available effective driving temperature difference for adsorption and 
desorption half-cycle. 

The exemplary Ad-HX design is adopted from a heat exchanger assessed in detail by 
Wittstadt (2018), which is depicted in Figure 45. The fins are assumed to be covered 
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with the aluminium fumarate coating analysed before. The fin spacing is varied with 
coating thickness, in order to allow for 2 mm free vapour channels between the fins. This 
results in area-to-volume-ratios of 0.34–0.25 m²/l for coating thicknesses of 140–
610 µm. For this range, the overall heat capacity per adsorbent mass is 9.5–
4.0 kJ/(kgs K), based on tube and fin masses from Wittstadt (2018) (c.f. Appendix A.11). 

With these assumptions, the Ad-HX performance is estimated for both cycle variants 
and for the thinnest and the thickest coating assessed as shown in Table 10. The effective 
thermal resistances are (roughly) loading-averaged and taken for 40 °C, which is more 
relevant to the given cycle conditions. For the whole range of conditions measured, the 
range of 𝑅𝑅eff is 1.2–3.7 kW/(m² K) for the thinnest and 2.8–3.9 kW/(m² K) for the 
thickest coating.  

0.2 mm

2 mm  

Figure 45: Example adsorption heat exchanger for result extrapolation adopted from Wittstadt (2018), 
the thickness of the coating (not shown) is added to the fin spacing, in order to allow for a 2 mm free 
vapour channel between fins. 
Adopted from Wittstadt (2018) under license CC BY 4.0. 

The expected cooling power is calculated directly from 𝑅𝑅eff𝐴𝐴 , as the evaporator effect is 
already included in the defined cycle conditions, according to Eq. (88) with the enthalpy 
ratio of Δℎv Δℎs⁄  = 2.45/2.90 = 0.84. The “loss” attributed to the isenthalpic expansion of 
the working fluid is just about 3% of Δℎv here, and can be neglected in this coarse 
approximation. Further, the ratio between the adsorption half-cycle time and the total 
cycle time has to be taken into account. For Variant A, where the driving forces are 
roughly equal for both half-cycles, this ratio is assumed to be 0.5. For Variant B the case 
is less straight forward as during adsorption Δ𝑇𝑇ch is 1.7 times larger than during 
desorption. Assuming, in a first approximation and neglecting the temperature 
dependency of 𝑅𝑅eff𝐴𝐴 , that the half-cycle time is inverse to the driving force, 0.4 is assumed 
for the ratio. This yields a VSCP in the range of 0.2–0.7 kW/l for the Alfum coating.  

This VSCP result can be compared to literature values: For the state-of-the-art silica 
gel granular bed (Ammann et al., 2018), the expected range is 0.02–0.08 kW/l, under the 
same boundary conditions and the same geometrical assumptions (c.f. Appendix A.12). 
Kummer et al. (2017b) investigated a complete Ad-HX with a similar Alfum coating as 
investigated here (𝑑𝑑ct = 300–330 µm, 𝑤𝑤s,dry = 0.77) by LPJ experiments on heat 
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exchanger level. For the cycle conditions of 90 °C/30 °C/18 °C, which corresponds to 
Δ𝑇𝑇thr = 60 K and Δ𝑇𝑇lft = 12 K, an average VSCP of 0.1 kW/l is reported for a cut-off 
uptake of 90% and with respect to the volume of the finned part (headers excluded). The 
applied temperature thrust allowed for a complete desorption so that the initial 
conditions for the adsorption are comparable to the assumption made here. The 
temperature lift determined the available driving temperature difference during 
adsorption (Δ𝑇𝑇drv = Δ𝑇𝑇ch − Δ𝑇𝑇lft ≈ 22.5 K − 12 K = 10.5 K), which is roughly in 
between Variant A and Variant B (Table 10). Also the coating thickness was in the range 
of the FRA-investigated samples. Still, the reported VSCP is considerably lower. This can 
be explained by the additional heat transfer resistances on the path from the fin surface 
to the HTF (conduction in the fins and convection inside the tubes), i.e. the Δ𝑇𝑇drv 
available at the level of the coating would have actually been much smaller than for 
Variant A. Moreover, the available Δ𝑇𝑇drv was further reduced by the necessary 
temperature difference between the in- and outlet of the Ad-HX, which is explicitly 
neglected in the estimations shown in Table 10.  

The COP is estimated conventionally according to Eq. (55), based on the thermal mass 
of the heat exchanger and the reduced loading spread Δ𝑋𝑋15−85, and assuming that 
evaporator and condenser are separated, i.e. without the effect of 𝐶𝐶CE. 

These values should be treated with caution. They are meant as rough approximation 
and therefore necessarily include several simplifying assumptions. 

Table 10: Estimated Ad-HX performance based on effective thermal resistances  

Cycle conditions 
 

Variant A Variant B 
Temperature lift Δ𝑇𝑇lft K 15 10 
Temperature thrust Δ𝑇𝑇thr K 30 30 
Coating thickness 𝒅𝒅𝐜𝐜𝐜𝐜 µm 140 610 140 610 
Eff. driving temp. difference Δ𝑇𝑇drv K 7.5 12.5 
Effective thermal resistance 𝑅𝑅eff𝐴𝐴  (m² K)/kW 2 3.5 2 3.5 
Adsorption power per coated areav kW/m² 3.8 2.1 6.3 3.6 
Relative adsorption half-cycle duration - 0.5 0.4 
Cooling power per coated areavi kW/m² 1.6 0.9 2.1 1.2 
Coated area per overall-volume m²/l 0.34 0.25 0.34 0.25 
Volume specific cooling power (VSCP) kW/l 0.54 0.23 0.72 0.30 
(LTJ-based VSCP, c.f. Section 5.5.3) kW/l (0.44) (0.22) (0.70) (0.36) 
Mass of pure adsorbent per coated area kg/m² 0.052 0.24 0.052 0.24 
Heat capacity per adsorbent massvii kJ/(kg K) 10.2 4.5 10.2 4.5 
Maximum loading spread Δ𝑋𝑋max kgw/kgs 0.28 0.28 
Reduced loading spread Δ𝑋𝑋15−85 kgw/kgs 0.20 0.20 
Coefficient of performance (COP) - 0.54 0.67 0.54 0.67 
(LTJ-based COP, c.f. Section 5.5.3) - (0.54) (0.66) (0.56) (0.68) 

                                                        
v Per coated area, averaged over the adsorption half-cycle 
vi Per coated area, averaged over the complete cycle 
vii Including headers, tubes, fins, binder and dry adsorbent 
 

5.5.3 Comparison to LTJ measurement 

The same samples were analysed with LTJ measurements, as published before (Laurenz 
et al., 2019). For this study, two temperature jumps at a pressure around 𝑝𝑝sat(20 °C) 
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were measured: the first from 45 °C to 35 °C, the second from 50 °C to 30 °C. This 
corresponds closely to the cycle conditions of Variant A and B detailed above. The 
measured temporal uptake evolution (Figure 46) was used to estimate a hypothetical 
cooling power per coated surface area based on Δ𝑡𝑡15−85, the duration between 15% and 
85% of relative uptake Δ𝑋𝑋 Δ𝑋𝑋∞⁄ , with Eq. (57). A slightly different assumption about the 
relative adsorption half-cycle time was used with 0.5 for both cases. These results were 
then further used to estimate a VSCP for the same Ad-HX geometry from Wittstadt 
(2018). The results11 (Figure 47 and also included in Table 10) show comparable values 
to those estimated in the last section based on effective thermal resistances, especially 
given the intended coarseness of the latter. 

Δ𝑡𝑡15−85

 

Figure 46: Temporal evolution from LTJ measurements for different coating thickness measured at an 
average pressure of 𝑝𝑝sat(20 °C) for cycle conditions comparable to Variant A (Table 9) 

  

Figure 47: Volume specific cooling power (VSCP) and cooling COP estimated from LTJ measurements 
(strongly coloured; Laurenz et al., 2019) compared to 𝑅𝑅eff-based estimate as given in Table 10 (lightly 
coloured) 

 

                                                        
11 The originally published results included a minor implementation error and simple Dubinin 

approximation for the differential adsorption enthalpy in stead the consisten values given before (c.f. 
Section 5.2), which both have been corrected here. 
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6. Conclusion and Outlook 

“[…] if this merely helps a little towards dispelling the metaphysical fog that seems to be 
engulfing us, it will have attained its object.“ (Buckingham, 1914) 

The first aim of this work was to quantify the relevant heat and mass transfer (HMT) 
parameters for the adsorption dynamics of water, with a special focus on their 
dependency on the thermodynamic state. A binder-based aluminium fumarate (Alfum) 
coating served as a model material investigated in this research. The HMT parameters 
with their state dependency allow the precise non-linear modelling of application-
relevant processes in the time domain. They should be independent from geometrical 
design parameters to be directly useable for design and optimisation. 

Based on the frequency response analysis (FRA), the coating thermal conductivity and 
the micro-scale mass transfer could be identified as the mechanisms governing the 
adsorption dynamics. The corresponding transport parameters were determined in their 
loading (entire range) and temperature (30–60 °C) dependency as detailed below, and 
they proved to be independent from the coating thickness. Further, with an extension of 
the FRA procedure, the adsorption equilibrium and the differential adsorption enthalpy 
were measured at the same time. For model and parameter validation, all information 
obtained was fed into a non-linear simulation of a large temperature jump, which was 
perfectly confirmed by experimental results under the same application-like conditions. 

The second aim of this research was to present the resulting HMT parameters in a 
simplified form, allowing a direct interpretation of their relevance for adsorption heat 
transformation applications and rough estimates of principle performance indicators for 
efficiency and compactness. 

With the concept of effective thermal resistances, which was further extended 
theoretically and related to HMT parameters, it was shown that resistances from both, 
heat and mass transfer, were comparably relevant, with the heat transfer becoming 
more relevant for thicker coatings, whereas the mass transfer is dominating in thinner 
coatings. The mass transfer resistance reduces considerably with loading and 
temperature. The analysis allowed a clear and simple distinction between the influence 
of the transfer resistances, the equilibrium properties and the external temperature 
boundary conditions with respect to the achievable performance of a given adsorption 
heat exchanger (Ad-HX) design. A case study, carried out for typical boundary conditions 
of a data centre cooling application and an exemplary Ad-HX design, showed the 
technological potential of this Alfum coating: The approximated volume specific cooling 
power was between 0.2 kW/l and 0.7 kW/l with a coefficient of performance between 
0.67 and 0.54, respectively, compared to 0.02–0.08 kW/l expected for a state-of-the-art 
silica gel granular bed. 

 
The FRA method was realised in a custom built setup, combined with newly derived 
models and integrated into an extended measurement procedure for a holistic 
characterisation of the adsorption dynamics. The setup included a measurement of the 
surface temperature response for improved heat transfer characterisation, making it the 
second of its kind in adsorption dynamics literature, with a much more economic 
approach compared to the previous one. 

Four heat-transport-focused HMT models were employed for the first time in 
combination with FRA, including a deduction of their complex transfer functions, i.e. 
generally applicable analytical solutions in the Laplace domain. From these newly 
proposed models, the best fitting one combined 1-dimensional heat conduction with a 
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linear driving force (LDF) approximated micro-scale mass transfer. While this model 
proved to be very well suited for the description of the Alfum coating, the 
generalizability of this model may be limited as other adsorbent coating might require 
different approaches, e.g., a model with additional mass transport in the macro pores. An 
explicit transfer function for such a model was shown to exist in principle; however, the 
implementation remains an open question as it showed to be irrelevant for this research.  

With the extension of the FRA measurement procedure, including manometric 
adsorption measurement and small equilibrium excitations around the set measurement 
point, the absolute and differential adsorption equilibrium of aluminium fumarate was 
determined in-situ. The results basically confirmed literature data and show that the 
adsorbent in the coating remained fully accessible. However, an application-relevant 
hysteresis, which was reported by other authors, could be evidently ruled out.  

The adsorption enthalpy was consistently calculated with two different methods to a 
value of 2.90±0.05 MJ/kg (52.2±1.0 kJ/mol) on average, based on either the classical 
approach of interpolating the isostere pitch from several isotherms or the newly 
proposed “local” method based on the differential adsorption equilibrium. Although for 
the Alfum sample no significant dependency on loading or temperature could be 
observed within the range of thermodynamic states investigated, the new local method 
allows in principal to resolve this state dependency to a much higher degree. The 
research clearly shows that the common Dubinin approximation may not be made for 
aluminium fumarate–water as the temperature-invariance criterion is not met. Although, 
the physical reason for this behaviour remains an open question. 

The specific heat capacity of the Alfum coating, required for the FRA evaluation, was 
measured with differential scanning calorimetry as loading and temperature dependent 
quantity. While the results for the dry coating are inconspicuous (1.05 kJ/(kg K) at 25 °C 
with a temperature coefficient of 2 × 10−3 kJ/(kg K²)), the loading dependent results are 
in strong disagreement with the common assumption of an inert adsorbent with an 
adsorbate that behaves like water or ice. The apparent heat capacity of the adsorbed 
phase is up to a factor 2 higher than that of pure water. Consistent with the 
aforementioned temperature-variance in the Dubinin formalism, this indicates a strong 
feedback effect of the adsorption on the adsorbent itself. While this is especially relevant 
to the estimation of heat transfer resistances from sorption dynamic experiments, 
overall efficiency-estimations of most applications will have a low sensitivity to the 
adsorbate heat capacity. As direct external measurements are costly and literature on 
the heat capacity of sorption materials, especially as a function of loading, is scarce, the 
inclusion in the extended FRA measurement procedure should be aimed at in future 
research. 

 
The details of the adsorption dynamics of water in the Alfum coating revealed a 

micro-scale mass transfer with a Darken-like loading and Arrhenius-type temperature 
dependency (𝐸𝐸a = 55.0 ± 3.1 kJ/mol). Through a variation of the coating thickness 
(140–610 µm), it was possible to discriminate between different plausible transfer 
processes. The micro-scale mass transfer is described by an LDF coefficient 𝑘𝑘LDF with 
values between 0.1 and 3 s–1 at 40 °C and a U-shaped loading dependency, which could 
be explained by the thermodynamic (Darken) factor. The underlying mechanism at the 
scale of the adsorbent particles (average size 18 µm) could be narrowed down to a 
surface barrier resistance rather than adsorbate diffusion process. However, the exact 
physical effect remains an open question. Counterintuitively, the macropore diffusion 
was shown to be irrelevant, at least for the coating thicknesses investigated. Values for 
the thermal conductivity are around 0.07 W/(m K), a low but plausible value that 
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exhibited neither a significant temperature nor a loading dependency. The heat transfer 
coefficient of the thermal contact between coating and support is larger than 4 ×
103 W/(m2K), but no upper limit can be given as it is not limiting the adsorption 
dynamics. 

Based on these results, practical improvements of this coating should consider, firstly, 
to reduce the macro porosity in order to increase the thermal conductivity to the 
bearable cost of a further limited macropore transport, and secondly, to reduce the size 
of the adsorbent particles in order to improve the micro-scale mass transfer. 

 
The concept of effective thermal resistances was extended by the definition of two 

fundamental temperature differences for adsorption heat transformation (AHT), 
characterising the applied external temperatures and the internal adsorption 
equilibrium. This allows first-order estimations of the power density with a new simple 
Ohm’s-law-like approach for engineering-level design decisions, without requiring 
experiments or simulations in the time domain. This concept could be demonstrated to 
yield results comparable to LTJ-based state-of-the-art estimations for working pairs with 
S-shaped (type IV) isotherms exhibiting isobaric phases with little temperature change. 
Current limitations include its applicability to adsorbents with linear isotherms, the 
extent to which the isosteric phases are taken into account and the assumption of a 
constant HTF temperature. They should be addressed in future research, e.g., based on a 
thermal time constant, calculated from the heat capacity and the overall thermal transfer 
resistance or the 𝜀𝜀-NTU method, respectively. 

For the case of the Alfum coatings, the effective thermal resistances are found to be 
between 1–4 (m2 K)/kW with respect to the coated heat exchanger area and the effective 
driving temperature difference, showing the high application potential from a 
technological point of view. Lower resistances are only reported for sintered aluminium 
fibres coated by partial support transformation, but here the fabrication process is 
considerably more resource and know-how intensive.  

The practical recommendations for improving the coating can be further refined, 
based on the quantitative comparison of heat and mass transfer resistances: If the aim is 
a very high specific cooling power, thinner coating are preferred, where the micro-scale 
mass transfer should be targeted as the principal limitation by reducing the adsorbent 
particle size. However, if the aim includes a high COP, thicker coatings are more 
appropriate, where the heat transfer is limiting and can be improved by compacting the 
coating or by addition of thermally highly conductive material to the coating. 

Finally, it seems worth mentioning that with the foundation laid in this research it 
should in principle be possible to combine both methods, the FRA and the concept of 
effective thermal resistances, to directly obtain the frequency response of the (complex) 
effective thermal impedance. This approach has a strong analogy to the vast field of 
electrical impedance spectroscopy and might allow using parts of this elaborated field of 
research for the means of analysing and improving components for AHT. 

To sum up, this research has shown the high potential of the FRA for quantitative and 
differentiated assessment of heat and mass transfer processes that govern adsorption 
dynamics and how the concept of effective heat transfer resistances can help to 
transform this information directly into a practical design process for improved 
adsorption heat pumps, chillers and thermal storages.   
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A Appendix 

A.1 Energy Balance of the Isothermal Adsorbent–Adsorbate System 

The general energy balance of the adsorbent–adsorbate system (Figure 1) is 

 d𝑈𝑈s+a+g = ℎgd𝑚𝑚g + d𝑄𝑄 (107) 

where d𝑈𝑈s+a+g is the combined internal energy of the adsorbent, the adsorbate and the 
gas phase within the system. The following assumptions have been described before: 

• No effect of the gas phase on the mass balance, d𝑚𝑚g = d𝑚𝑚a 
• No effect of the gas phase on the energy balance, d𝑈𝑈s+a+g = d𝑈𝑈s+a 
• No effect of the adsorbent–adsorbate volume on the energy balance, d𝑈𝑈s+a = d𝐻𝐻s+a 

This leads to  

 d𝐻𝐻s+a = ℎgd𝑚𝑚a + d𝑄𝑄, (108) 

and with Eq. (10) to 

 �
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d𝑚𝑚a = ℎgd𝑚𝑚a + d𝑄𝑄. (109) 

This simplifies for the isothermal case, and may be rearranged to 
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� 

= d𝑚𝑚a�ℎg − ℎ�s+a� 
= d𝑚𝑚aΔℎs. 

(110) 

For the case of an inert adsorbent, where (𝜕𝜕𝐻𝐻s 𝜕𝜕𝑚𝑚a⁄ )𝑚𝑚s,𝑇𝑇 = 0, the enthalpy difference 
simplifies as follows 
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= ℎg − ℎ�a, 

(111) 

i.e. to the definition of the differential adsorption enthalpy with inert adsorbent (c.f. Eq 
(14)). 

A.2 Solutions of Heat and Mass Transfer Models (Table 1) 

A.2.1 Lumped HT w. even-layer micropore diffusion (0DHT_miD) 

Adsorbate diffusion is considered as the transport mechanism on crystal level: 

 𝜕𝜕𝑋𝑋(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑡𝑡

= 𝐷𝐷mi
𝜕𝜕2𝑋𝑋(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑥𝑥2

 (112) 

with the no-flux condition in the crystal centre (𝑥𝑥 = 0) and equilibrium with the 
chamber atmosphere, i.e. 𝑝𝑝ch, at the surface (𝑥𝑥 = 𝑟𝑟) as boundary conditions: 

 𝜕𝜕𝑋𝑋(0, 𝑡𝑡)
𝜕𝜕𝑥𝑥

= 0                  𝑋𝑋(𝑟𝑟, 𝑡𝑡) = 𝑋𝑋eq�𝑝𝑝ch(𝑡𝑡),𝑇𝑇(𝑡𝑡)�. (113) 

The equilibrium loading can be linearized as usual (Wang 2011, Bourdin 1998) to 

 𝑋𝑋eq(𝑥𝑥, 𝑡𝑡) − 𝑋𝑋0 ≈ 𝐾𝐾𝑇𝑇(𝑇𝑇(𝑥𝑥, 𝑡𝑡) − 𝑇𝑇0) + 𝐾𝐾𝑝𝑝(𝑝𝑝ch(𝑡𝑡) − 𝑝𝑝0) (114) 

with the slopes of the isobar and isotherm 𝐾𝐾𝑇𝑇 = 𝜕𝜕𝑋𝑋 𝜕𝜕𝑇𝑇⁄  and 𝐾𝐾𝑝𝑝 = 𝜕𝜕𝑋𝑋 𝜕𝜕𝑝𝑝⁄ . Taking the 
Laplace transform with deviation variables from Eq. (60) yields 
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(115) 

which can be solved to 
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and integrated to 

 

𝑋𝑋�� =
1 
𝑟𝑟
� 𝑋𝑋�(𝑥𝑥)d𝑥𝑥
𝑟𝑟

0
= ��

𝐷𝐷mi
𝑟𝑟2𝑠𝑠�

�𝐾𝐾𝑝𝑝𝑝𝑝�ch  + 𝐾𝐾𝑇𝑇𝑇𝑇�� tanh��
𝑟𝑟2𝑠𝑠
𝐷𝐷mi

�. (117) 

Combination with the chamber mass balance Eq. (61) and the lumped energy balance 
Eq. (64) allows solving for the loading volume transfer function 
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(118) 

with 𝑘𝑘mi = 𝐷𝐷mi 𝑟𝑟2⁄  and 𝑠𝑠 = 𝑗𝑗𝜔𝜔. 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) may be substituted in Eqs. (66) and (67) to yield 
the pressure and temperature response actually measured. 

It can be shown that the result is equivalent to the solution Sun & Bourdin (1993) 
provided earlier for the “in-phase and out-of-phase components” of the same model. 
Although, the compact complex formulation of Eq. (118) is preferred here, as it may be 
implemented straight forward in parameter identification procedures. 

A.2.2 Lumped HT w. even-layer macropore diffusion (0DHT_maD) 

For this model, the governing mass transfer process is the diffusion within isotropic 
macropores of an even coating layer with the thickness 𝑑𝑑, the (constant) effective macro 
diffusivity 𝐷𝐷ma and the gas concentration in the pores as driving force: 

 𝜕𝜕𝑐𝑐(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑡𝑡

= 𝐷𝐷ma
𝜕𝜕2𝑐𝑐(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑥𝑥2

−
𝜕𝜕𝑋𝑋(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑡𝑡

𝜌𝜌eff
𝜀𝜀P𝑀𝑀

 (119) 
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with the molar mass 𝑀𝑀, the effective adsorbent density 𝜌𝜌eff = 𝑚𝑚s (𝐴𝐴𝑑𝑑)⁄ , the macro 
porosity 𝜀𝜀P (i.e. macropore volume per coating volume) and the usual boundary 
conditions at the coating bottom (𝑥𝑥 = 0) and surface (𝑥𝑥 = 𝑑𝑑): 

 𝜕𝜕𝑐𝑐(0, 𝑡𝑡)
𝜕𝜕𝑥𝑥

= 0                       𝑐𝑐(𝑑𝑑, 𝑡𝑡) = 𝑐𝑐ch(𝑡𝑡) =
𝑝𝑝ch(𝑡𝑡)
𝑀𝑀𝑅𝑅w𝑇𝑇0

. (120) 

Laplace transformation with deviation variables yields 

 
𝑠𝑠�̃�𝑐(𝑥𝑥) = 𝐷𝐷ma

𝜕𝜕2�̃�𝑐(𝑥𝑥)
𝜕𝜕𝑥𝑥2

− 𝑠𝑠𝑋𝑋�(𝑥𝑥)
𝜌𝜌eff
𝜀𝜀P𝑀𝑀

 

𝜕𝜕�̃�𝑐(0)
𝜕𝜕𝑥𝑥

= 0                       �̃�𝑐(𝑑𝑑) =
𝑝𝑝�ch

𝑀𝑀𝑅𝑅w𝑇𝑇0
. 

(121) 

As the model assumes local equilibrium in the macropores, the linearized equilibrium 
in concentration form (c.f. Eq. (114), assuming ideal gas behaviour) 

 𝑋𝑋� = 𝑋𝑋�eq ≈ 𝑀𝑀𝑅𝑅w𝑇𝑇0𝐾𝐾𝑝𝑝�̃�𝑐 + 𝐾𝐾𝑇𝑇𝑇𝑇�  (122) 

can be used to substitute �̃�𝑐 in Eq. (121): 

 
𝑠𝑠
−𝐾𝐾𝑇𝑇𝑇𝑇� + 𝑋𝑋�(𝑥𝑥)
𝑀𝑀𝑅𝑅w𝑇𝑇0𝐾𝐾𝑝𝑝

=
𝐷𝐷ma

𝑀𝑀𝑅𝑅w𝑇𝑇0𝐾𝐾𝑝𝑝
𝜕𝜕2𝑋𝑋�(𝑥𝑥)
𝜕𝜕𝑥𝑥2

− 𝑠𝑠𝑋𝑋�(𝑥𝑥)
𝜌𝜌eff
𝜀𝜀P𝑀𝑀

 

𝜕𝜕𝑋𝑋�(0)
𝜕𝜕𝑥𝑥

= 0                       
−𝐾𝐾𝑇𝑇𝑇𝑇� + 𝑋𝑋�(𝑑𝑑)

𝐾𝐾𝑝𝑝
= 𝑝𝑝�ch. 

(123) 

Solving for 𝑋𝑋�(𝑥𝑥) and integrating yields the mean loading as a function of 𝑝𝑝�ch and 𝑇𝑇�  

 
𝑋𝑋�� =

𝐾𝐾𝑇𝑇𝑇𝑇
1 + 𝛼𝛼

+ �𝑘𝑘ma
𝑠𝑠
𝐾𝐾𝑝𝑝𝑝𝑝� + 𝛼𝛼�𝐾𝐾𝑝𝑝𝑝𝑝� + 𝐾𝐾𝑇𝑇𝑇𝑇��

(1 + 𝛼𝛼)3 2⁄ tanh��
𝑠𝑠
𝑘𝑘ma

√1 + 𝛼𝛼� (124) 

with 𝛼𝛼 = 𝐾𝐾𝑝𝑝𝜌𝜌eff𝑅𝑅w𝑇𝑇0 𝜀𝜀P⁄  and 𝑘𝑘ma = 𝐷𝐷ma 𝑑𝑑2⁄ . Equation (124) can be solved together with 
Eq. (61) and Eq. (64) to yield the required loading volume transfer function 
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𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) =

𝑋𝑋��

𝑉𝑉�
 

= −
𝐾𝐾𝑝𝑝𝑝𝑝0
𝑉𝑉0

��
𝑠𝑠
𝑘𝑘ma

(1 + 𝛼𝛼) �1 −
𝑠𝑠

𝛽𝛽(1 + 𝛼𝛼)� coth��
𝑠𝑠
𝑘𝑘ma

(1 + 𝛼𝛼)�

+ 𝛼𝛼 �
𝜀𝜀P𝑚𝑚s

𝜌𝜌eff𝑉𝑉0
−

𝑠𝑠
𝛽𝛽(1 + 𝛼𝛼)��

−1

 

(125) 

with 𝛽𝛽 = �𝐴𝐴ℎ + 𝑐𝑐𝑝𝑝𝑚𝑚s𝑠𝑠� (Δℎs𝐾𝐾𝑇𝑇𝑚𝑚s)⁄ . 

A.2.3 Lumped HT w. macropore diffusion and micro LDF (0DHT_maD_LDF) 

This model extends the macropore diffusion model above by a local linear driving force 
model to account for a micro transport process in a simplified way. It is assumed that the 
local rate of uptake from the micropores is proportional to the difference between the 
actual loading and the equilibrium loading under the conditions in the micropore. This 
model has already been presented and solved for the isothermal case on a spherical 
geometry by Wang & LeVan (2011). Here, it is extended by a lumped heat transfer model 
and solved on an even-plate geometry. 

The Laplace transformed LDF equation with deviation variables and locally linearized 
equilibrium 

 𝑠𝑠𝑋𝑋�(𝑥𝑥) = 𝑘𝑘LDF �𝑋𝑋�eq(𝑥𝑥) − 𝑋𝑋�(𝑥𝑥)� 

= 𝑘𝑘LDF �𝑀𝑀𝑅𝑅w𝑇𝑇0𝐾𝐾𝑝𝑝�̃�𝑐(𝑥𝑥) + 𝐾𝐾𝑇𝑇𝑇𝑇� − 𝑋𝑋�(𝑥𝑥)� 
(126) 

is used to substitute �̃�𝑐 in the macro diffusion equation Eq. (121) yielding: 

 
𝑠𝑠

1
𝐾𝐾𝑐𝑐
�
𝑠𝑠𝑋𝑋�(𝑥𝑥)
𝑘𝑘LDF

+ 𝑋𝑋�(𝑥𝑥) − 𝐾𝐾𝑇𝑇𝑇𝑇�

=
𝐷𝐷
𝐾𝐾𝑐𝑐
�
𝑠𝑠

𝑘𝑘LDF
+ 1�

𝜕𝜕2𝑋𝑋�(𝑥𝑥)
𝜕𝜕𝑥𝑥2

−
𝜌𝜌eff𝑠𝑠𝑋𝑋�(𝑥𝑥)
𝜀𝜀P𝑀𝑀

 

𝜕𝜕𝑋𝑋�(0)
𝜕𝜕𝑥𝑥

= 0                
1
𝐾𝐾𝑐𝑐
��

𝑠𝑠
𝑘𝑘𝐿𝐿𝐷𝐷𝐿𝐿

+ 1�𝑋𝑋(𝑑𝑑) − 𝐾𝐾𝑇𝑇𝑇𝑇� =
𝑝𝑝�ch

𝑀𝑀𝑅𝑅w𝑇𝑇0
 

(127) 

where 𝐾𝐾𝑐𝑐 = 𝑀𝑀𝑅𝑅w𝑇𝑇0𝐾𝐾𝑝𝑝. With the same solution procedure as in the last section, the 
loading volume transfer function is 
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𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) = −

𝐾𝐾𝑝𝑝𝑝𝑝0
𝑉𝑉0

��
𝑠𝑠
𝑘𝑘ma

𝛼𝛼 + 𝛾𝛾
𝛾𝛾

 𝛾𝛾 �1 −
𝑠𝑠

𝛽𝛽(𝛼𝛼 + 𝛾𝛾)� coth��
𝑠𝑠
𝑘𝑘ma

𝛼𝛼 + 𝛾𝛾
𝛾𝛾 �

+ 𝛼𝛼 �
𝜀𝜀P𝑚𝑚s

𝜌𝜌eff𝑉𝑉0
−

𝑠𝑠
𝛽𝛽(𝛼𝛼 + 𝛾𝛾)��

−1

 

(128) 

with 𝛾𝛾 = 1 + 𝑠𝑠 𝑘𝑘LDF⁄  and the same definition of 𝑘𝑘mi, 𝛼𝛼 and 𝛽𝛽 as before. For 𝑘𝑘LDF → ∞ (i.e. 
𝛾𝛾 = 1), Eq. (128) simplifies to Eq. (125), the solution for macro diffusion with local 
equilibrium and lumped heat transfer. For ℎ → ∞ (i.e. 𝛽𝛽 → ∞), it simplifies to the 
isothermal solution of the even-plate macro diffusion model. 

A.2.4 1D HT with distributed LDF (1DHT_miLDF) 

For thicker coatings and lower thermal conductivity the assumption of a homogeneous 
temperature distribution becomes more and more inaccurate. Therefore, in this model 
the heat transfer will be discretized in space, whereas the mass transfer will be 
simplified with a LDF approach. This is, to keep the model still more convenient for fast 
parameter identification than a coupled model discretizing both, heat and mass transfer, 
in space.  

Again, an even layer of adsorbent coating is assumed. The conductive heat transfer in 
the layer can be described with a constant conductivity 𝜆𝜆 as: 

 
𝜌𝜌s𝑐𝑐𝑝𝑝

𝜕𝜕𝑇𝑇(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑡𝑡

= 𝜆𝜆
𝜕𝜕2𝑇𝑇(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑥𝑥2

+ 𝜌𝜌sΔℎs
𝜕𝜕𝑋𝑋(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑡𝑡

. (129) 

At the coating bottom (𝑥𝑥 = 0) an imperfect thermal contact with the heat transfer 
coefficient ℎ, and at the surface (𝑥𝑥 = 𝑥𝑥s) thermal insulation, i.e. negligible convective and 
radiative heat transfer, are assumed: 

 
−𝜆𝜆

𝜕𝜕𝑇𝑇(0, 𝑡𝑡)
𝜕𝜕𝑥𝑥

= −ℎ[𝑇𝑇(0, 𝑡𝑡) − 𝑇𝑇0]                − 𝜆𝜆
𝜕𝜕𝑇𝑇(𝑥𝑥s, 𝑡𝑡)

𝜕𝜕𝑥𝑥
= 0. (130) 

Taking the Laplace transform in deviation variables yields the ODE  

 
𝜌𝜌s𝑐𝑐𝑝𝑝𝑠𝑠𝑇𝑇�(𝑥𝑥) = 𝜆𝜆

𝜕𝜕2𝑇𝑇�(𝑥𝑥)
𝜕𝜕𝑥𝑥2

+ 𝜌𝜌sΔℎs𝑠𝑠𝑋𝑋�(𝑥𝑥) 

−𝜆𝜆
𝜕𝜕𝑇𝑇�(0)
𝜕𝜕𝑥𝑥

= −ℎ𝑇𝑇�(0)                     − 𝜆𝜆
𝜕𝜕𝑇𝑇�(𝑥𝑥s)
𝜕𝜕𝑥𝑥

= 0. 

(131) 

The “distributed” and Laplace transformed LDF approach for the mass transfer at the 
scale of the adsorbent particles is  
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 𝑠𝑠𝑋𝑋�(𝑥𝑥) = 𝑘𝑘LDF �𝑋𝑋�eq(𝑥𝑥) − 𝑋𝑋�(𝑥𝑥)� 

= 𝑘𝑘LDF �𝐾𝐾𝑝𝑝𝑝𝑝�ch + 𝐾𝐾𝑇𝑇𝑇𝑇�(𝑥𝑥) − 𝑋𝑋�(𝑥𝑥)� 
(132) 

with the linearized equilibrium loading from Eq. (114). Note that for this model the local 
pressure outside the adsorbent (i.e. in macropores) is constant throughout the coating 
and equal to the chamber pressure 𝑝𝑝ch.  

The solution procedure is slightly different from before, mainly because, unlike in all 
cases before, it is not possible anymore to apply the simplification of the energy balance 
Eq. (64): The temperature at the interface to the support 𝑇𝑇btm and the mean temperature 
𝑇𝑇�  may be different, and so is the actually measured surface temperature 𝑇𝑇srf. Instead of 
𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) as a single “master curve” (Wang & LeVan, 2011) that allows to calculate both, the 
temperature and the pressure response, explicit results for the two signal are required. 

To do so, the ODE system of Eqs. (131) and (132) is solved, allowing then to compute 
the average loading and temperature as 

 
𝑋𝑋�� =

1
𝑥𝑥s
� 𝑋𝑋�(𝑥𝑥)d𝑥𝑥
𝑥𝑥s

0
                    𝑇𝑇�� =

1
𝑥𝑥s
� 𝑇𝑇�(𝑥𝑥)d𝑥𝑥
𝑥𝑥s

0
. (133) 

And to insert them into the overall mass and energy balance Eqs. (61) and (64). These 
can then be solved explicitly for the temperature volume transfer function 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) =
𝑇𝑇�srf 𝑉𝑉�⁄  and the pressure volume transfer function 𝐺𝐺𝑝𝑝𝑝𝑝(𝑠𝑠) = 𝑝𝑝�ch 𝑉𝑉�⁄ . 

The explicit results of 𝐺𝐺𝑝𝑝𝑝𝑝(𝑠𝑠) and 𝐺𝐺𝑇𝑇𝑝𝑝(𝑠𝑠) are so long that there is no advantage in 
math typing them here. Instead, the results are provided as a pseudo code for 
implementation in a programming environment. The following code fragment may be 
directly used in R. For other programming environments, modifications, e.g. of the 
hyperbolic functions, might be required. Note that the Laplace variable 𝑠𝑠 needs to be 
replaced by the complex 𝑖𝑖𝜔𝜔 for the FR and all variables need to be entered in consistent 
units, e.g. SI units. 

G_pV = (h*p0*sqrt(rho)*sqrt(s)*(k + s)*(-(hs*k*KT) + cp*(k +  
  s))**1.5*xs*cosh((sqrt(rho)*sqrt(s)*sqrt(-(hs*k*KT) + cp*(k +  
  s))*xs)/(sqrt(lambda)*sqrt(k + s))) + sqrt(lambda)*p0*rho*s*sqrt(k + s)* 
  (-(hs*k*KT) + cp*(k + s))**2*xs*sinh((sqrt(rho)*sqrt(s)*sqrt(-(hs*k*KT) +  
  cp*(k + s))*xs)/(sqrt(lambda)*sqrt(k + s))))/(-(h*sqrt(rho)*sqrt(s)*(k + 
  s)*sqrt(-(hs*k*KT) + cp*(k + s))*(cp*k*Kp*ms*Rw*T0 + (-(hs*k*KT) + cp*(k +  
  s))*V0)*xs*cosh((sqrt(rho)*sqrt(s)*sqrt(-(hs*k*KT) + cp*(k +  
  s))*xs)/(sqrt(lambda)*sqrt(k + s)))) + sqrt(lambda)*sqrt(k +  
  s)*(h*hs*k^2*Kp*KT*ms*Rw*T0 - rho*s*(-(hs*k*KT) + cp*(k + s))* 
  (cp*k*Kp*ms*Rw*T0 + (-(hs*k*KT) + cp*(k + s))*V0)*xs)* 
  sinh((sqrt(rho)*sqrt(s)*sqrt(-(hs*k*KT) + cp*(k + s))*xs)/ 
  (sqrt(lambda)*sqrt(k + s)))) 
 
 
G_TV = (2*hs*k*Kp*p0*sqrt(rho)*sqrt(s)*sqrt(-(hs*k*KT) + cp*(k + s))*xs* 
  sinh((sqrt(rho)*sqrt(s)*sqrt(-(hs*k*KT) + cp*(k + s))*xs)/(2.*sqrt(lambda)* 
  sqrt(k + s)))*(sqrt(lambda)*sqrt(rho)*sqrt(s)*sqrt(k + s)*sqrt(-(hs*k*KT) +  
  cp*(k + s))*cosh((sqrt(rho)*sqrt(s)*sqrt(-(hs*k*KT) + cp*(k + s))*xs)/ 
  (2.*sqrt(lambda)*sqrt(k + s))) + h*(k + s)*sinh((sqrt(rho)*sqrt(s)* 
  sqrt(-(hs*k*KT) + cp*(k + s))*xs)/(2.*sqrt(lambda)*sqrt(k + s))))* (h*(k + s)* 
  cosh((sqrt(rho)*sqrt(s)*sqrt(-(hs*k*KT) + cp*(k + s))*xs)/(sqrt(lambda)* 
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  sqrt(k + s))) + sqrt(lambda)*sqrt(rho)*sqrt(s)*sqrt(k + s)*sqrt(-(hs*k*KT) +  
  cp*(k + s))*sinh((sqrt(rho)*sqrt(s)*sqrt(-(hs*k*KT) + cp*(k + s))*xs)/ 
  (sqrt(lambda)*sqrt(k + s)))))/(sqrt(k + s)*(h*sqrt(k + s)*cosh((sqrt(rho)* 
  sqrt(s)*sqrt(-(hs*k*KT) + cp*(k + s))*xs)/(sqrt(lambda)*sqrt(k + s))) +  
  sqrt(lambda)*sqrt(rho)*sqrt(s)*sqrt(-(hs*k*KT) + cp*(k + s))*sinh((sqrt(rho)* 
  sqrt(s)*sqrt(-(hs*k*KT) + cp*(k + s))*xs)/(sqrt(lambda)*sqrt(k + s))))* 
  (-(h*sqrt(rho)*sqrt(s)*(k + s)*sqrt(-(hs*k*KT) + cp*(k + s))*(cp*k*Kp*ms*Rw*T0 +  
  (-(hs*k*KT) + cp*(k + s))*V0)*xs*cosh((sqrt(rho)*sqrt(s)*sqrt(-(hs*k*KT) +  
  cp*(k + s))*xs)/(sqrt(lambda)*sqrt(k + s)))) + sqrt(lambda)*sqrt(k + s)* 
  (h*hs*k^2*Kp*KT*ms*Rw*T0 - rho*s*(-(hs*k*KT) + cp*(k + s))*(cp*k*Kp*ms*Rw*T0 +  
  (-(hs*k*KT) + cp*(k + s))*V0)*xs)* sinh((sqrt(rho)*sqrt(s)*sqrt(-(hs*k*KT) +  
  cp*(k + s))*xs)/(sqrt(lambda)*sqrt(k + s))))) 

A.3 Derivation of Effective Heat Transfer Resistances 

Effective heat transfer resistances related to area 𝑅𝑅𝐴𝐴, and adsorbent mass 𝑅𝑅𝑚𝑚s are 
derived for different heat and mass transfer coefficients on different standard 
geometries as summarised in Table 2. 

Lumped heat transfer 

For the lumped heat transfer coefficient ℎ, 𝑅𝑅ℎ𝐴𝐴 is directly defined: 

 𝑅𝑅ℎ𝐴𝐴 =
1
ℎ

. (134) 

On a macroscopic flat plate geometry, 𝑅𝑅ℎ
𝑚𝑚s  is calculated with 𝑉𝑉 = 𝑑𝑑𝐴𝐴: 

 𝑅𝑅ℎ
𝑚𝑚s = 𝑅𝑅ℎ𝐴𝐴

𝑉𝑉𝜌𝜌eff
𝐴𝐴

=
𝑑𝑑𝜌𝜌eff
ℎ

, (135) 

where 𝜌𝜌eff is the effective adsorbent density, i.e. the adsorbent mass per volume of the 
flat plate, which might include non-adsorbent volumes like macropores, a binder or 
additives.  

Heat conduction 

For a homogeneous uptake distribution on a flat plate geometry, also the heat released is 
homogeneous (Δℎs�̇�𝑋(𝑥𝑥) = const.). The mean thermal path associated to the thermal 
conductivity 𝜆𝜆 is then 𝑑𝑑

3
, thus 

 𝑅𝑅𝜆𝜆𝐴𝐴 =
𝑑𝑑

3𝜆𝜆
, (136) 

and with the same approach as above: 
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𝑅𝑅𝜆𝜆
𝑚𝑚s = 𝑅𝑅𝜆𝜆𝐴𝐴

𝑉𝑉𝜌𝜌eff
𝐴𝐴

=
𝑑𝑑2𝜌𝜌eff

3𝜆𝜆
. (137) 

Linear driving force 

For a (locally) linear isotherm, the driving loading difference Δ𝑋𝑋 = 𝑋𝑋eq(𝑇𝑇,𝑝𝑝) − 𝑋𝑋 can be 
converted to an equivalent driving temperature difference with the inverse slope of the 
isotherm. Combined with the LDF ansatz (�̇�𝑋 = 𝑘𝑘LDFΔ𝑋𝑋), the driving temperature 
equivalent is 

 
Δ𝑇𝑇 = Δ𝑋𝑋 �

𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇�

−1

 

=
�̇�𝑋

𝑘𝑘LDF
𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇

 
(138) 

The adsorption associated heat flow per unit area can be derived similar as before from 
the loading change for a flat plate geometry: 

 �̇�𝑄
𝐴𝐴

=
�̇�𝑋𝑚𝑚sΔℎs

𝐴𝐴
= �̇�𝑋𝑑𝑑𝜌𝜌effΔℎs. (139) 

Thus: 

 
𝑅𝑅LDF𝐴𝐴 =

�̇�𝑋

𝑘𝑘LDF
𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇

⋅
1

�̇�𝑋𝑑𝑑𝜌𝜌effΔℎs
 

= �𝑘𝑘LDF
𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇

𝑑𝑑𝜌𝜌effΔℎs�
−1

, 

(140) 

and with the same approach as above: 

 𝑅𝑅LDF
𝑚𝑚s = 𝑅𝑅LDF𝐴𝐴 𝑑𝑑𝜌𝜌eff 

= �𝑘𝑘LDF
𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇

Δℎs�
−1

. 
(141) 

Micropore diffusion on different geometries 

Under the assumption of homogeneous uptake distribution and a quasi-isothermal 
process, the LDF approximation 𝐷𝐷mi ≈ 𝑘𝑘LDF𝑟𝑟2 [𝜎𝜎(𝜎𝜎 + 2)]⁄  (c.f. p43) may be applied to 
simplify the micropore diffusion. Here 𝑟𝑟 is a length on the micro scale, as opposed to 𝑑𝑑, 
the thickness on the macro scale, and 𝜎𝜎 a curvature factor (1: flat plate, 2: cylinder, 3: 
sphere). Hence, based on the LDF solutions above: 
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𝑅𝑅mi𝐴𝐴 = �

𝐷𝐷mi
𝑟𝑟2

𝜎𝜎(𝜎𝜎 + 2)
𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇

𝑑𝑑𝜌𝜌effΔℎs�
−1

, (142) 

 
𝑅𝑅mi
𝑚𝑚s = �

𝐷𝐷mi
𝑟𝑟2

𝜎𝜎(𝜎𝜎 + 2)
𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇

Δℎs�
−1

. (143) 

With the Darken equation Eq. (45) this becomes 

 

𝑅𝑅mi𝐴𝐴 = �
𝐷𝐷ad

𝑟𝑟2 ∂𝑋𝑋∂𝑝𝑝
𝑝𝑝
𝑋𝑋

𝜎𝜎(𝜎𝜎 + 2)
𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇

𝑑𝑑𝜌𝜌effΔℎs�

−1

 

= �
𝐷𝐷ad
𝑟𝑟2

 𝜎𝜎(𝜎𝜎 + 2)
𝑋𝑋
𝑝𝑝
𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇 �

∂𝑋𝑋
∂𝑝𝑝�

−1

𝑑𝑑𝜌𝜌effΔℎs�
−1

, 

(144) 

and with the Clausius–Clapeyron equation Eq. (19): 

 
𝑅𝑅mi𝐴𝐴 = �

𝐷𝐷ad
𝑟𝑟2

 𝜎𝜎(𝜎𝜎 + 2)
𝑋𝑋
𝑝𝑝
Δℎs𝑝𝑝
𝑅𝑅w𝑇𝑇2

𝑑𝑑𝜌𝜌effΔℎs�
−1

 

= �
𝐷𝐷ad
𝑟𝑟2

 𝜎𝜎(𝜎𝜎 + 2)𝑋𝑋𝑑𝑑𝜌𝜌eff
Δℎs2

𝑅𝑅w𝑇𝑇2
�
−1

, 
(145) 

 
𝑅𝑅mi
𝑚𝑚s = �

𝐷𝐷ad
𝑟𝑟2

 𝜎𝜎(𝜎𝜎 + 2)𝑋𝑋
Δℎs2

𝑅𝑅w𝑇𝑇2
�
−1

. (146) 

Note, that for all microscopic shapes (plate, cylinder, or sphere), the macroscopic 
shape is always a flat plate. The effective density 𝜌𝜌eff accounts for the arrangement of the 
microscopic particles within this plate. 

Macropore diffusion on a flat-plate geometry 

Macropore diffusion can also be referred to the LDF approximation with the same 
principal assumptions as for micropore diffusion. The LDF form of macropore diffusion 
can be derived from the isothermal simplification of the Laplace transformed and 
loading substituted macropore diffusion equation Eq. (123), which can be rearranged to 
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𝑠𝑠

𝑋𝑋�(𝑥𝑥)
𝑀𝑀𝑅𝑅w𝑇𝑇0𝐾𝐾𝑝𝑝

=
𝐷𝐷ma

𝑀𝑀𝑅𝑅w𝑇𝑇0𝐾𝐾𝑝𝑝
𝜕𝜕2𝑋𝑋�(𝑥𝑥)
𝜕𝜕𝑥𝑥2

− 𝑠𝑠𝑋𝑋�(𝑥𝑥)
𝜌𝜌eff
𝜀𝜀P𝑀𝑀

 

𝑠𝑠𝑋𝑋�(𝑥𝑥)�
1

𝑀𝑀𝑅𝑅w𝑇𝑇0𝐾𝐾𝑝𝑝
+
𝜌𝜌eff
𝜀𝜀P𝑀𝑀

� =
𝐷𝐷ma

𝑀𝑀𝑅𝑅w𝑇𝑇0𝐾𝐾𝑝𝑝
𝜕𝜕2𝑋𝑋�(𝑥𝑥)
𝜕𝜕𝑥𝑥2

 

𝑠𝑠𝑋𝑋�(𝑥𝑥) �1 +
𝑅𝑅w𝑇𝑇0𝐾𝐾𝑝𝑝𝜌𝜌eff

𝜀𝜀P
� = 𝐷𝐷ma

𝜕𝜕2𝑋𝑋�(𝑥𝑥)
𝜕𝜕𝑥𝑥2

 

𝑠𝑠𝑋𝑋�(𝑥𝑥) = 𝐷𝐷ma �1 +
𝜌𝜌eff𝑅𝑅w𝑇𝑇0𝐾𝐾𝑝𝑝

𝜀𝜀P
�
−1 𝜕𝜕2𝑋𝑋�(𝑥𝑥)

𝜕𝜕𝑥𝑥2
. 

(147) 

This equation is equivalent to the micropore diffusion equation Eq. (115) with a 
differently scaled diffusivity. Applying this equivalence to the LDF approximation Eq. 
(49) under the same assumptions as for micropore diffusion yields: 

 
𝑘𝑘LDF ≈

𝐷𝐷ma
𝑟𝑟2

𝜎𝜎(𝜎𝜎 + 2)

1 + 𝜌𝜌eff𝑅𝑅w𝑇𝑇0
𝜀𝜀P

𝜕𝜕𝑋𝑋
𝜕𝜕𝑝𝑝

 

≈
𝐷𝐷ma
𝑟𝑟2

𝜎𝜎(𝜎𝜎 + 2)
𝜌𝜌eff𝑅𝑅w𝑇𝑇0

𝜀𝜀P
𝜕𝜕𝑋𝑋
𝜕𝜕𝑝𝑝

, 

(148) 

where 𝑟𝑟 is the diffusion path length. It is assumed that 𝜌𝜌eff𝑅𝑅w𝑇𝑇/𝜀𝜀P ⋅ 𝜕𝜕𝑋𝑋 𝜕𝜕𝑝𝑝⁄ ≫ 1, which is 
a very good approximation for the cases in the scope of this work (and for most heat 
transformation applications). For a globally linear sorption isotherm, i.e. 𝜕𝜕𝑋𝑋 𝜕𝜕𝑝𝑝⁄ =
𝑋𝑋0 𝑝𝑝0⁄ , and with the ideal gas law 𝑅𝑅w𝑀𝑀𝑇𝑇 = 𝑝𝑝 𝑐𝑐⁄  this denominator becomes 
(𝜌𝜌eff𝑋𝑋 𝑀𝑀⁄ ) (𝜀𝜀P𝑐𝑐)⁄ , which is the form initially used by Glueckauf & Coates (1947).  

The effective resistances can then be calculated as before, using again the Clausius– 
Clapeyron Equation: 

 

𝑅𝑅ma𝐴𝐴 = �
𝐷𝐷ma
𝑟𝑟2

𝜎𝜎(𝜎𝜎 + 2)
𝜌𝜌eff𝑅𝑅w𝑇𝑇0

𝜀𝜀P
𝜕𝜕𝑋𝑋
𝜕𝜕𝑝𝑝

𝜕𝜕𝑋𝑋
𝜕𝜕𝑇𝑇

𝑑𝑑𝜌𝜌effΔℎs�

−1

 

= �
𝐷𝐷ma
𝑟𝑟2

𝜎𝜎(𝜎𝜎 + 2)
𝑅𝑅w𝑇𝑇

Δℎs𝑝𝑝
𝑅𝑅w𝑇𝑇2

𝜀𝜀P𝑑𝑑Δℎs�
−1

 

= �
𝐷𝐷ma
𝑟𝑟2

𝜎𝜎(𝜎𝜎 + 2)𝜀𝜀P𝑑𝑑
𝑝𝑝
𝑇𝑇 �

Δℎs
𝑅𝑅w𝑇𝑇

�
2

�
−1

, 

(149) 

 
𝑅𝑅ma
𝑚𝑚s = �

𝐷𝐷ma
𝑟𝑟2

𝜎𝜎(𝜎𝜎 + 2)
𝜀𝜀P𝑝𝑝
𝜌𝜌eff𝑇𝑇

�
Δℎs
𝑅𝑅w𝑇𝑇

�
2

�
−1

. (150) 

Even if both lengths, the diffusion path length 𝑟𝑟 and the layer thickness 𝑑𝑑, are both on 
the same macro scale they might differ. E.g., for a layer of spherical granules, 𝑟𝑟 is the 
granule radius, 𝑑𝑑 the layer thickness, 𝜌𝜌eff accounts for the voids in the layer, and 𝜎𝜎 = 3. 
However, for the flat plate case, where 𝑑𝑑 = 𝑟𝑟, and 𝜎𝜎 = 1, one may further simplify to 
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𝑅𝑅ma𝐴𝐴 = �

3𝐷𝐷ma
𝑑𝑑

𝜀𝜀P𝑝𝑝
𝑇𝑇 �

Δℎs
𝑅𝑅w𝑇𝑇

�
2

�
−1

, (151) 

 
𝑅𝑅ma
𝑚𝑚s = �

3𝐷𝐷ma
𝑑𝑑2

𝜀𝜀P𝑝𝑝
𝜌𝜌eff𝑇𝑇

�
Δℎs
𝑅𝑅w𝑇𝑇

�
2

�
−1

. (152) 

A.4 Temperature Dependency of the Char. Temperature Difference 

The change of the characteristic temperature difference with respect to the adsorbent 
temperature is 

 𝜕𝜕Δ𝑇𝑇ch
𝜕𝜕𝑇𝑇s

≈
Δ(Δ𝑇𝑇ch)
Δ𝑇𝑇s

. (153) 

The equilibrium pressure 𝑝𝑝eq(𝑇𝑇∗,𝑋𝑋) of an adsorbent, where ideal gas behaviour may 
be assumed for the adsorptive, changes according to the integrated Clausius–Clapeyron 
equation Eq. (17): 

 
ln
𝑝𝑝eq(𝑇𝑇1∗,𝑋𝑋)
𝑝𝑝eq(𝑇𝑇2∗,𝑋𝑋) =

Δℎs
𝑅𝑅w

�
1
𝑇𝑇2∗

−
1
𝑇𝑇1∗
�, (154) 

The same applies to the saturation pressure 𝑝𝑝sat(𝑇𝑇′) of the pure working fluid: 

 
ln
𝑝𝑝sat(𝑇𝑇1′)
𝑝𝑝sat(𝑇𝑇2′)

=
Δℎv
𝑅𝑅w

�
1
𝑇𝑇2′
−

1
𝑇𝑇1′
�. (155) 

The characteristic temperature differences are Δ𝑇𝑇ch1 = 𝑇𝑇1∗ − 𝑇𝑇1′ and Δ𝑇𝑇ch2 = 𝑇𝑇2∗ − 𝑇𝑇2′. 
From the definition of Δ𝑇𝑇ch the pressure 𝑝𝑝sat(𝑇𝑇′) and 𝑝𝑝eq(𝑇𝑇∗,𝑋𝑋) are equal. Thus, the 
exact change in Δ𝑇𝑇ch is given implicitly by 

 
Δℎs �

1
𝑇𝑇2∗

−
1
𝑇𝑇1∗
� = Δℎv �

1
𝑇𝑇2′
−

1
𝑇𝑇1′
�. (156) 

In order to yield an explicit approximation, a 2nd order Taylor expansion of the inverse 
function 



Appendix 

131 

 1
𝑇𝑇1 + Δ𝑇𝑇

≈
1
𝑇𝑇1
−
Δ𝑇𝑇
𝑇𝑇12

 

=
𝑇𝑇1 − Δ𝑇𝑇
𝑇𝑇12

 
(157) 

can be employed. With 𝑇𝑇2 = 𝑇𝑇1 + Δ𝑇𝑇, this allows rewriting Eq. (156) to 
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�
2
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(158) 

The change in Δ𝑇𝑇ch is 

 Δ(Δ𝑇𝑇ch) = Δ𝑇𝑇ch,2 − Δ𝑇𝑇ch,1 
= 𝑇𝑇2∗ − 𝑇𝑇2′ − (𝑇𝑇1∗ − 𝑇𝑇1′) 
= Δ𝑇𝑇∗ − Δ𝑇𝑇′, 

(159) 

which finally yields the required temperature dependency with 𝑇𝑇s = 𝑇𝑇∗: 

 ∂Δ𝑇𝑇ch
∂𝑇𝑇s

≈
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Δ𝑇𝑇∗

 

=
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�
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�
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�
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. 

(160) 
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A.5 Particle Size Distribution of Aluminium Fumarate 

Particle sizes were measured by laser diffraction analysis using a Beckman Coulter LS 13 
320® on samples dispersed in water. 

 

Figure 48: Particle size distribution of the initial adsorbent powder measured for different samples drawn 

A.6 Exponential Drift Correction 

The measurement pressure signal might be overlaid by a slow exponential decline that 
can be observed after filling the evacuated chamber with water vapour regardless of 
whether a sample is installed or not. The measured pressure is the sum of the 
equilibrium pressure 𝑝𝑝0 and this background signal, that starts at time 𝑡𝑡0 with a pressure 
Δ𝑝𝑝 and attenuates with the time constant 𝜏𝜏: 

 𝑝𝑝(𝑡𝑡) = 𝑝𝑝0 + Δ𝑝𝑝𝑒𝑒−
(𝑡𝑡−𝑡𝑡0)
𝜏𝜏 . (161) 

For the correction of the small jump measurements (4.2.2.2) it can be assumed that the 
background drift is not affected by the small jumps. From the measurement, the value 
and slope are known at 𝑡𝑡1 (𝑝𝑝1, 𝑝𝑝1′ ) and 𝑡𝑡2 (𝑝𝑝1,𝑝𝑝2′ ) and the corrected (extrapolated) 
pressures at an intermediate time 𝑝𝑝1(𝑡𝑡m) and 𝑝𝑝2(𝑡𝑡m) are needed. 
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For this correction the actual values of 𝑡𝑡0 and Δ𝑝𝑝 are not required so Eq. (161) can be 
reduced to 

 𝑝𝑝(𝑡𝑡) = 𝑝𝑝0 + Δ𝑝𝑝𝑒𝑒
𝑡𝑡0
𝜏𝜏 𝑒𝑒−

𝑡𝑡
𝜏𝜏 

= 𝑝𝑝0 + 𝑎𝑎𝑒𝑒−
𝑡𝑡
𝜏𝜏. 

(162) 

This yields for the slope 

 𝑝𝑝′(𝑡𝑡) = −
𝑎𝑎
𝜏𝜏
𝑒𝑒−

𝑡𝑡
𝜏𝜏 (163) 

which can be used to set up a system of two equation with 𝑝𝑝′(𝑡𝑡1), 𝑝𝑝′(𝑡𝑡2) to solve for 𝜏𝜏 
and 𝑎𝑎: 

 𝜏𝜏 = 𝑡𝑡2−𝑡𝑡1

ln�𝑝𝑝
′(𝑡𝑡1)

𝑝𝑝′(𝑡𝑡2)�
   𝑎𝑎 = −𝑝𝑝′(𝑡𝑡1)𝜏𝜏𝑒𝑒

𝑡𝑡1
𝜏𝜏  (164) 

The extrapolated value for 𝑝𝑝1 (where 𝑝𝑝1(𝑡𝑡1) is known) is then  

 𝑝𝑝1(𝑡𝑡m) = 𝑝𝑝1(𝑡𝑡1) + 𝑎𝑎 �𝑒𝑒−
𝑡𝑡m
𝜏𝜏 − 𝑒𝑒−

𝑡𝑡1
𝜏𝜏 �. (165) 

For the jump-free baseline signal the extrapolation follows exactly the signal: 

 𝑝𝑝1(𝑡𝑡m) = �𝑝𝑝0 + 𝑎𝑎𝑒𝑒−
𝑡𝑡1
𝜏𝜏 � + 𝑎𝑎 �𝑒𝑒−

𝑡𝑡m
𝜏𝜏 − 𝑒𝑒−

𝑡𝑡1
𝜏𝜏 � 

= 𝑝𝑝0 + 𝑎𝑎𝑒𝑒−
𝑡𝑡m
𝜏𝜏  

(166) 

and both extrapolations 𝑝𝑝1(𝑡𝑡m) = 𝑝𝑝2(𝑡𝑡m) match as expected. 

A.7 Empty Chamber Pressure Correction Factor 

The empty chamber pressure correction factor 𝜓𝜓 can be deduced based on Eq. (101) in 
the Laplace domain 

 
𝑚𝑚�err,cal =

𝑝𝑝�cal𝑉𝑉0 + 𝑉𝑉�𝑝𝑝0
𝑅𝑅w𝑇𝑇0

, (167) 

with the complex mass balance error and the pressure response of the calibration 
experiments 𝑚𝑚�err,cal and 𝑝𝑝�cal. The expected mass balance error of a measurement at 
same 𝑇𝑇0, 𝑝𝑝0, 𝑉𝑉0 and 𝑉𝑉�  follows as 
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 𝑚𝑚�err,msr = 𝑚𝑚�err,cal
𝑝𝑝�msr

𝑝𝑝�cal
 (168) 

taking into account the assumed linear dependency on the pressure response. To deduce 
the corrected pressure signal 𝑝𝑝�cor, the overall mass balance of the corrected 
measurement can be defined analogously to Eq. (101) as 

 0 = d𝑚𝑚w,g,cor + d𝑚𝑚w,s. (169) 

Hence: 
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𝑝𝑝�msr

𝑝𝑝�cal
 

𝑝𝑝�cor = 𝑝𝑝�msr − �𝑝𝑝�cal +
𝑉𝑉�
𝑉𝑉0
𝑝𝑝0�

𝑝𝑝�msr

𝑝𝑝�cal
 

𝑝𝑝�cor = 𝑝𝑝�msr−𝑝𝑝�cal
𝑝𝑝�msr

𝑝𝑝�cal
−
𝑉𝑉�
𝑉𝑉0
𝑝𝑝0
𝑝𝑝�msr

𝑝𝑝�cal
 

𝑝𝑝�cor = −
𝑉𝑉�
𝑉𝑉0

𝑝𝑝0
𝑝𝑝�cal

𝑝𝑝�msr 

𝑝𝑝�cor = 𝜓𝜓𝑝𝑝�msr. 

(170) 

As the deviation of 𝑝𝑝�cal from the ideal pressure response –𝑝𝑝0𝑉𝑉� 𝑉𝑉0⁄  is small, Re(𝜓𝜓) ≈ 1 
and Im(𝜓𝜓) ≈ 0. 

The fit and data pre-treatment of 𝜓𝜓 = 𝑓𝑓(𝑇𝑇0,𝑝𝑝0,𝑓𝑓blw) were performed separately for 
real and imaginary part as the kriging model only handles real numbers. The observed 
values of each part where scaled with the respective range and centred to the mean (real 
part only) to improve the numerical performance of the fit. Noise (0.1% of the respective 
range) was introduced to avoid problematic oscillations between the data points that are 
otherwise typical for the cubic spline interpolation underlying the kriging model. 

The fit result in Figure 49 and Figure 50 shows very good agreement to the data with 
a realistic shape between data points. The slight deviations at the outer edges of the 
dataset (e.g. 0.001 Hz, 30 °C, 0.04 mbar/mbar) as a results from the noise introduced are 
a necessary evil to avoid oscillation.  
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Figure 49: Pressure correction factor 𝜓𝜓 over frequency from measurements (dots) and multivariate 
kriging model (lines) for different temperatures and relative pressures, showing smooth and realistic 
(oscillation free) interpolation between data points 
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Figure 49: (continued) 
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Figure 50: Pressure correction factor 𝜓𝜓 over relative pressure for different bellow frequencies 𝑓𝑓blw (in Hz) 
and constant temperature of 40 °C showing smooth and realistic (oscillation free) interpolation between 
data points 

A.8  “Characteristic Curve” of Aluminium Fumarate 

 

Figure 51: Loading over adsorption potential calculated with the data from Figure 27, presented for two 
different limits of the 𝐴𝐴-axis, left: data-tied limits, right: limits as typically used in literature (e.g., Ammann 
et al., 2019); the violation of the temperature invariance assumption is only visible in the presentation on 
the left hand side 

Figure 51 shows the equilibrium data obtained from FR measurements for Alfum in a 
plot, typically used for characteristic curves (c.f. p26). As the density of the adsorbate 
and, especially, its temperature dependency are unknown, the loading 𝑋𝑋(𝐴𝐴) is presented 
instead of a somehow approximated adsorbate volume 𝑊𝑊(𝐴𝐴). Anyhow, the temperature 
effect on the density in the small temperature region of 30–60 °C would be small, so that 
the 𝑊𝑊-points relative position would literally be the same.  
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While the same data is presented in both plots, only the higher resolution on the left 
hand side reveals that the data is not temperature-invariant, and thus, no characteristic 
curve may be given for aluminium fumarate.  

A.9 Additional Parameter Identification Results 

The results given in the following are additions to Sections 5.4.1 and 5.4.2. 

 

Figure 52: Boxplot of the residual relative error 𝐸𝐸�𝑷𝑷�� for different models used over all measurement 
points  
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Figure 53: Contour plots of 𝐸𝐸(𝑷𝑷) for individual samples at conditions as in Figure 37 over parameters 𝒉𝒉 
and 𝝀𝝀 (left) and their reciprocal values (right) for the same parameter range, open circle: best estimate as 
returned from the fitting algorithm for the multi fit, red cross: minimum of 𝑬𝑬(𝑷𝑷) found by parameter 
variation for these plots. Lines in increments of 0.02. Parameters varied by factors of [0.2, 5] around the 
multi fit best estimate.  
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A.10 Parametrization Used for Non-Linear Alfum Modelling 

Table 11: Parametrization for non-linear LTJ simulation of coated aluminium fumarate samples 

Initial conditions As measured 
Temperature of the cold plate As measured 
Heat capacity 𝑐𝑐𝑝𝑝eff

kJ
kgcmp,dry

�  =  𝑐𝑐𝑝𝑝0  +  �
𝑇𝑇
K
− 298.15�

d𝑐𝑐𝑝𝑝0
d𝑇𝑇

 

+  𝑋𝑋eff �𝑐𝑐𝑝𝑝a0  +  �
𝑇𝑇
K
− 298.15�

d𝑐𝑐𝑝𝑝a
d𝑇𝑇

+ 𝑋𝑋eff
d𝑐𝑐𝑝𝑝a
d𝑋𝑋eff

� 

𝑐𝑐𝑝𝑝0:  1.0766888  
d𝑐𝑐𝑝𝑝0
d𝑇𝑇

:  0.0024788 
𝑐𝑐𝑝𝑝a0:  5.8137812  
d𝑐𝑐𝑝𝑝a
d𝑇𝑇

:  0.0270763 
d𝑐𝑐𝑝𝑝a
d𝑇𝑇eff

:  -7.1141313 

Thermal conductivity 0.07 W/mK (constant) 
Thermal contact resistance 0 m²K/W 
Adsorption enthalpy 51.2 kJ/mol (constant) 
Equilibrium loading As detailed below 
LDF coefficient 𝑘𝑘LDF(𝑋𝑋eff,𝑇𝑇)  =  𝑘𝑘LDF,40°C(𝑋𝑋eff) ⋅ exp �−

𝐸𝐸a
𝑅𝑅
�
1
𝑇𝑇

–
1

313.15 K
�� 

 
𝑘𝑘LDF,40°C(𝑋𝑋eff)

1
s

�  = 1.87 + 35.4 ⋅ 𝑋𝑋eff + 151 ⋅ 𝑋𝑋eff2  

𝐸𝐸a: 66.8 kJ/mol (c.f. Section 5.3.3) 

In order to calculate 𝑋𝑋 for any 𝑇𝑇 and 𝑝𝑝, the Clausius– Clapeyron approach for the isostere 
was used to calculate the pressure 𝑝𝑝40°C at 40 °C on the same isostere:   

 ln𝑝𝑝40°C(𝑋𝑋) = ln𝑝𝑝(𝑋𝑋) −
Δℎs

𝑅𝑅 �
1

313.15 K
−

1
𝑇𝑇�

. (171) 

With 𝑝𝑝rel =  𝑝𝑝40°C 𝑝𝑝sat(40 °C)⁄  the loading 𝑋𝑋 can then be looked up in Table 12. The 
adsorption enthalpy is assumed constant with a value of 51.2 kJ/mol (c.f. Section 5.2). 



Appendix 

141 

Table 12: Values of the 40 °C isotherm as used for LTJ simulations: interpolated from uptake results of all 
coated samples relative to the total coating dry mass (c.f. Figure 27, left panel, p95) 

𝑝𝑝rel (-) 𝑋𝑋eff (g/gcmp)  𝑝𝑝rel (cont.) 𝑋𝑋eff (cont.)  𝑝𝑝rel (cont.) 𝑋𝑋eff (cont.) 
0 0  0.17 0.03328  0.34 0.24247 
0.01 0.00200  0.18 0.03513  0.35 0.24550 
0.02 0.00400  0.19 0.03698  0.36 0.24745 
0.03 0.00600  0.2 0.03880  0.37 0.24882 
0.04 0.00800  0.21 0.04060  0.38 0.25010 
0.05 0.00999  0.22 0.04325  0.39 0.25148 
0.06 0.01198  0.23 0.04982  0.4 0.25297 
0.07 0.01396  0.24 0.06210  0.41 0.25455 
0.08 0.01594  0.25 0.08067  0.42 0.25621 
0.09 0.01791  0.26 0.10608  0.43 0.25793 
0.1 0.01987  0.27 0.13797  0.44 0.25971 
0.11 0.02182  0.28 0.16640  0.45 0.26153 
0.12 0.02376  0.29 0.18856  0.46 0.26339 
0.13 0.02569  0.3 0.20681  0.47 0.26526 
0.14 0.02761  0.31 0.22102  0.48 0.26714 
0.15 0.02951  0.32 0.23109  0.49 0.26902 
0.16 0.03140  0.33 0.23787  0.5 0.27090 
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A.11 Example Heat Exchanger Properties 

Table 13: Principal parameters of Ad-HX designs derived from measured coating samples 

Quantity Unit Valueviii Comment 
Mass additional copper kg 0.17 Wittstadt, 2018 
Mass finned copper tubes kg 0.34 Wittstadt, 2018 
Mass aluminium per fin kg 0.00488 Wittstadt, 2018 
Overall HX volume l 5.2 Wittstadt, 2018 
Finned tube length mm 255 Wittstadt, 2018 
Fin thickness mm 0.2 Wittstadt, 2018 
Width free vapour channel mm 2 Assumption 
Area per fin m² 0.0173 Wittstadt, 2018 
Coating thickness mm 0.14 0.24 0.61 c.f. Table 4 
Fin spacing mm 2.48 2.68 3.42 Calculated 
Number of fins - 103 95 75 Calculated 
Mass aluminium kg 0.501 0.464 0.363 Calculated 
Coating volume l 0.249 0.395 0.787 Calculated 
Coating mass kg 0.127 0.190 0.386 Calculatedix 
Adsorbent mass kg 0.092 0.150 0.309 Calculatedix 
HX area m² 1.78 1.65 1.29 Calculated 
HX area per total HX volume m²/l 0.342 0.317 0.248 Calculated 
Adsorbent mass per HX area kg/m² 0.051 0.091 0.239 Calculated 
Total heat capacity kJ/K 0.93 1.04 1.40 Calculatedx 
Heat capacity per adsorbent mass kJ/(kg K) 10.2 7.0 4.5 Calculated 
Heat capacity per HX area kJ/(m² K) 0.52 0.63 1.08 Calculated 

                                                        
viii Single values are equal for all three designs 
ix Based on measured coating density and adsorbent content (c.f. Table 4)  
x With constant specific heat capacities: aluminium: 0.90 kJ/(kg K); copper: 0.38 kJ/(kg K); coating: 
2.27 kJ/(kg K) 
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A.12 Expected VSCP of a Silical Gel Granular Bed Ad-HX 

For comparison to the expected values for the Alfum coating, the results of state-of-the-
art silica gel granular beds, as reported by Ammann et al. (2018), are used for the same 
calculation. Ammann et al. investigated mono- and bilayers of two differently sized silica 
gel granules with average diameters of 1.3 and 1.9 mm. The monolayer of the smaller 
granules and the bilayer of the larger granules were the best and worst performing 
configuration with effective thermal resistances 𝑅𝑅eff𝐴𝐴  of 10 and 20 (m² K)/kW, 
respectively. For the estimation of the VSCP, the same assumptions for the Ad-HX are 
made, as for the Alfum coating (c.f. Section 5.5.2 and Appendix A.11). This implicitly 
includes the optimistic assumption that the granular layers may be evenly distributed on 
all sides of the fins leaving an open vapour channel between the fins, knowing that this 
will be practically challenging. 

Table 14: Assumed configuration of silica gel Ad-HXs 

Quantity Unit Value 
Configuration - Monolayer small Bilayer large 
Bed thickness (Ammann et al., 2018) mm 1.3 3.2 
Fin spacing mm 4.8 8.7 
Number of fins - 53 29 
Mass aluminium kg 0.260 0.143 
Bed volume l 0.119 0.165 
Bed mass kg n.a. n.a. 
Adsorbent mass kg n.a. n.a. 
HX area m² 0.92 0.51 
HX area per total HX volume m²/l 0.18 0.10 

Table 15: Estimated performance of silica gel Ad-HXs based on effective thermal resistances 

Cycle conditions 
 

Variant A Variant B 
Temperature lift Δ𝑇𝑇lft K 15 10 
Temperature thrust Δ𝑇𝑇thr K 30 30 
Bed thickness µm 1300 3200 1300 3200 
Eff. driving temp. difference Δ𝑇𝑇drv K 7.5 12.5 
Effective thermal resistance 𝑅𝑅eff𝐴𝐴  (m² K)/kW 10 20 10 20 
Adsorption power per coated areaxi kW/m² 0.8 0.4 1.3 0.6 
Relative adsorption half-cycle duration - 0.5 0.4 
Cooling power per coated areaxii kW/m² 0.3 0.2 0.4 0.2 
Coated area per overall-volume m²/l 0.18 0.1 0.18 0.1 
Volume specific cooling power (VSCP) kW/l 0.06 0.02 0.08 0.02 

                                                        
xi Per coated area, averaged over the adsorption half-cycle 
xii Per coated area, averaged over the complete cycle 
 

The heat exchanger area-to-volume-ratio calculated (Table 14) can be combined with 
𝑅𝑅eff𝐴𝐴  and the driving temperature differences for Variant A and Variant B. In a first 
approximation, the same driving temperature differences are assumed, as they are 



Appendix 

144 

primarily dependent on the external temperature differences. This yields, with the same 
approach as shown in Table 10, VSCP in the range of 0.02–0.08 kW/l (Table 15). 

The analysis of the COP is omitted here, as it would require additional data on the 
adsorption equilibrium. While the better metal-to-adsorbent mass ratio would indicate a 
COP increase compared to the Alfum coated Ad-HXs, the lower uptake due to the linear 
isotherm of silica gel would indicate a decrease. 
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hoher Energiedichte, Schlussbericht (Final Report). Fraunhofer-Institut für Solare 
Energiesysteme (ISE), Freiburg im Breisgau. DOI: 10.2314/KXP:1670261913. 
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