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1. Introduction

According to the BP Statistical Review of World Energy 2020 [1], the primary energy
consumption growth slowed to 1.3% last year, less than half the rate of growth in 2018
(2.8%). Fossil fuel (oil, coal, and gas) remains the major primary energy source with a total
share of 84%, leading to the growth by 0.5% of carbon emissions from energy use. Although
a total share of renewables (solar, wind, biofuel) of 5.0% was very modest, it increased by a
record amount, accounting for over 40% of the growth in primary energy in 2019.

Adsorption heat transformation and storage (AHTS) is gaining more and more at-
tention in the scientific community as an emerging, environmentally benign technology
utilizing renewable heat sources for cooling and heating. The Special Issue (SI) “Adsorptive
Systems for Heat Transformation and Heat Storage Applications” aimed to provide an
overview of the state-of-the-art technology in the AHTS field. The main aspects of AHTS
technology were covered in this SI, including:

Development of novel and optimization of known AHTS applications and cycles.
Rational design of new adsorbents and testing of alternative working fluids.
Optimization of system design and performance.

Below we describe and briefly analyze the contributions in this SI, following this
classification.

2. A Short Review of the Contributions in This Issue
2.1. Development of Novel and Optimization of Known AHTS Applications and Cycles

Among various AHTS applications, adsorption cooling, heat pumping, and heat
storage are at the most developed level yet; however, they are still far from practical
applications. Therefore, the development and study of new cycles is an important direction
for the development of AHCS.

Schamberger et al. [2] comprehensively described and analyzed a new Stratisorp
cycle, which is an advanced version of the common adsorptive cycles with internal heat
recovery [3]. The basic concept of the Stratisorp cycle is the connection of the adsorber
with a well-insulated, stratified thermal storage tank, where the heat released during the
adsorption phase is stored. The temperature of the fluid increases with the height of
the storage bed due to buoyancy forces. The heat from each temperature level is stored
separately in the storage bed needed in the next half (desorption) cycle. Thus, the new
cycle can implement the internal heat recovery with a single adsorber instead of two, as is
the case in the common concept [3]. In the Stratisorp cycle, the heat storage and release
phases are separated in time; therefore, it can also be used in an intermittent mode, e.g., as
short-term adsorptive heat storage.

To derive full advantage from the new cycle, (1) an innovative adsorber with improved
heat and mass transfer characteristics was designed, built, and tested, and (2) a 1D dynamic
model was developed to evaluate the entropy generation and the second law efficiency
of the new cycle. It was shown that, due to lower driving temperature differences, the

Energies 2022, 15, 617. https://doi.org/10.3390/en15020617 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15020617
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-1460-3972
https://doi.org/10.3390/en15020617
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15020617?type=check_update&version=1


Energies 2022, 15, 617 2 of 7

irreversibility caused by thermal coupling could be considerably reduced. However, it is
reached at the expense of new irreversibility, due to convective mixing within the storage
tank. Yet, the total entropy generation is reduced (see Figure 6 in [2]), thanks to the internal
heat recovery in the storage tank.

Tokarev [4] experimentally studied a novel adsorption cycle, “Heat from Cold” (HeCol).
It was proposed [5] for upgrading the heat of a natural basin of non-freezing water (ocean,
sea, river, lake, underground water, etc.), available for free at temperatures from 3–15 ◦C
to 30–40 ◦C, which is suitable for heating. This cycle’s main feature is the use of ambient
air at the temperature −20 ÷ −40 ◦C as a heat sink, which greatly helps in adsorbent
regeneration. A laboratory-scale HeCol prototype, consisting of two adsorbers loaded with
a composite sorbent LiCl/(mesoporous silica), was tested with methanol as a working
fluid. The prototype ensured a continuous heat generation under steady-state cycling with
a specific useful power of 350–390 W/kg and a thermal efficiency 0.44, showing good
potential for a practical realization of the HeCol concept. The proposals for further unit
improvements were outlined and discussed.

Girnik et al. [6] theoretically studied a novel adsorption method, VentireC, which
was proposed for heat and moisture recuperation in ventilation systems in cold countries.
The VentireC unit comprises two thermally coupled adsorbent beds (AB) and two isolated
heat-storing beds (HSB). Indoor air passes through AB1 and HSB1, where indoor moisture
and heat are absorbed. Simultaneously, outdoor air passes in AB2 and HSB2 in the opposite
direction, extracting the stored heat and moisture, thus maintaining the indoor temperature
and humidity balance. Thermal coupling of two ABs allows the heat released during
moisture adsorption in one adsorber to be transferred to another one to facilitate water
adsorption/desorption and to promote better adsorbent regeneration. The VentireC offers
the following advantages: (1) inflow air relative humidity is maintained at a comfortable
level of 40–45%; (2) freezing of moisture in the unit outlet at outdoor temperatures above
−12 ◦C is avoided. At a lower outdoor temperature, better dehumidification can be
achieved with a longer contact time between air and the adsorbent.

A passive method for regulating the temperature and relative humidity of the air
inside museum display cases was suggested and theoretically studied by Yu et al. [7]. The
concept of using composite materials for temperature and humidity control was proposed.
They consist of the porous silica gel as a humidity-regulating material and a phase change
material as a temperature-regulating element. Its temperature-regulating capacity was
higher as compared with using only silica gel. The moisture buffering capacity is close to
that of the silica gel; however, it was lower than for silicas modified by hygroscopic salt, as
proposed in [8]. Thus, the proposed method and materials could effectively improve the
stability of the temperature and relative humidity in museum display cases.

A specific feature of AHTS is that its performance can be susceptible to the cycle
operating conditions determined by four boundary temperatures of adsorption, desorption,
condensation, and evaporation. They, in turn, are determined by climatic conditions,
AHTS application, and the heat source available for desorption. In the literature, there
are many different methodologies to define these temperatures that make difficult the
comparison of the performance of AHTS units and adsorbents. Frazzica et al. [9] suggested
a unified methodology to identify the boundary working conditions, under which, long-
term, seasonal thermal energy storage (STES) in buildings operates. This methodology
is based on features of building envelop, heating system for desorption (solar thermal
collectors), space heating distribution, heat source/sink for evaporation/condensation,
climatic conditions of the place where the STES is installed, and space heating demands.
Based on this methodology, winter and summer operating conditions were thoroughly
identified for two locations (Regensburg and Stockholm), representing the climates of
Central and North Europe, respectively, considering the ambient temperature variations
through the year. Finally, the potential of two adsorbents (composite LiCl/MWCNT and
AQSOA FAM-Z02) was assessed in terms of the needed adsorbent volume as a function of
the heating demand fraction covered by STES.
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2.2. Rational Design of New Adsorbents and Testing of Alternative Working Fluids

Since the pair “adsorbent–working fluid” is a keystone of AHTS technology, the study
of novel working pairs with advanced properties and their adsorption equilibrium is one
of the effective routes for improving AHTS performance.

Common working fluids are water, methanol, ethanol, and ammonia. A systematic
scanning of “adsorbent–working fluid” pairs (258 pure fluids and 16 adsorbents) was
reported in [10]. It confirmed the thermodynamic advantages of the four mentioned fluids
and explained why. For the first three fluids, the operating pressure is much lower than
atmospheric pressure; whereas, for ammonia, it can be much higher. From dynamic, safety
and cost issues, it is convenient to use working fluids with the operating pressure around
atmospheric one. This opportunity was investigated by Luberti et al. [11], who analyzed
a mixture “ammonia–ethanol” instead of pure fluids. The authors found that the total
pressure around atmospheric one could be obtained using ethanol/ammonia mixtures with
the ethanol mole fraction between 0.70 and 0.75. A decrease in COP was observed for these
mixtures compared with pure fluids, which is a cost for the advantages mentioned above.

Since water is the best working fluid from the thermodynamic point of view, recent
attempts have been made to use it for AHCS cycles performing at T < 0 ◦C, which is
the water freezing temperature. To prevent ice formation in the evaporator/condenser
and expand the temperature range for water application below 0 ◦C, the authors of [12]
suggested adding ethylene glycol to water. In this SI, Girnik et al. [13] proposed to use
an aqueous salt solution instead of pure water. The solution has a lower freezing point
and higher evaporation heat, both being profitable from the thermodynamic point of view.
The effect of CaCl2 solution on the boundary pressures and useful heat of the new HeCol
cycle [5] is studied both theoretically and experimentally. Such a substitution is found to be
kinetically acceptable for this low temperature. Yet, further study of prototypes is necessary.
In a broader sense, this approach can be extended to other AHTS cycles working at an
evaporator or condenser temperature below 0 ◦C [14].

The adsorption isotherm of working pairs is the most important feature in charac-
terizing an AHTS system. According to IUPAC classification [15], there are eight types
of adsorption isotherms and many theoretical and empirical models for their description.
The selection of a suitable model could be an issue. Rahman et al. [16] suggested optimal
models for describing each isotherm type. Fifteen models, including traditional (Lang-
muir, Toth, Henry, BET, etc.) and novel (universal isotherm model by Ng et al., Sun and
Chakraborty, Yahia et al.) are considered for the description of adsorption isotherms of
thirteen adsorbent–adsorbate pairs, which include all eight isotherm types. The study
provides a universal approach for selecting the optimal model for any experimental data
on adsorption isotherms.

Chemical heat pumps operate based on the same working principles as adsorption
heat pumps [17]. Searching for stable and cheap materials for CHP is an essential issue for
practical realization of this technology. Lai et al. [18] evaluated the potential of Ofunato
limestone, in comparison with Kawara and Garrou natural limestones (Japan), as a calcium
oxide source for CaO/H2O/Ca(OH)2 chemical heat pump. The effect of impurities (quartz
and clay minerals) on the CaO reactivity was examined. Although the high temperature
sintering of impurities in the Ofunato limestone occurs easy and could inhibit hydration
reaction of CaO particles, this effect can be minimalized by controlling the decarbonization
temperature and process time. For practical chemical heat pump development, the cheap
Ofunato limestone can be utilized instead of the high quality and expensive Kawara
limestone.

2.3. Optimization of System Design and Performance

The system design and performance optimization are prerequisites for making the
AHTS more competitive with common absorption and vapor compression technologies.

A crucial element of any AHTS is an integrated unit “adsorbent—heat exchanger”
(AdHEx). For this unit, the ratio MHEx/Mad = (HEx mass)/(Ad mass) characterizes the
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effect of HEx thermal masses (TM) [19]. The TM definition was considered in this SI by
Gluesenkamp et al. [20]. It depends on the control volume chosen, which is affected by the
type of HEx and AHTS cycle, and, for instance, can include the heat transfer fluid inside
the HEx channels, connecting pipes, valves, etc. The authors reported detailed data on
the TM for many typical AdHExs, including flat tube–fins, round tube–corrugated fins,
modular finned tube, hell–tube, plate–shell, and other HEx types. Experimental data on
TM were collected from many research laboratories around the world and presented in
terms of the specific thermal mass STM = <TM>/<Ad mass> and the effective specific heat
Cp.eff = <TM>/<HEx mass>. Both indicators are useful for analyzing and modeling the
AHTS performance. The TM impact on system performance and the contribution of the
heat transfer fluid to the overall effective thermal mass are also briefly discussed.

The paper of Kulakowska et al. [21] was also concerned AdHex and its thermal masses.
The authors proposed introducing into the silica gel bed special additives—metal particles
(aluminum and copper) or carbon nanotubes—which are inert from the adsorption point
of view, but capable of improving heat transfer in the bed. As follows from the previous
papers [19,23], such an approach can improve heat transfer, adsorption rate, and specific
cooling power; however, these advantages are at the expense of lower AHTS efficiency
(COP). The obtained results show that all the additives lead to higher thermal diffusivity
compared with that of the parent silica gel bed. The best effect was observed for the mixture
with 15 wt% aluminum, probably due to the more homogeneous mixing of the silica gel
grains with the additive particles.

The paper by Krzywanski [22] addressed the design and optimization of HEx that
is one of the most critical components of any AHTS unit. To reach this goal, the author
used an AGENN model, a combination of genetic algorithms and artificial neural networks.
Its application was illustrated on a falling film evaporator, as one of the most promising
units for adsorption cooling–desalination systems. A broad range of operating conditions
and geometric configurations were considered, e.g., different tube pass arrangements—
top–bottom, bottom–top, and side by side. The total heat transfer rate of the evaporator
was predicted by the model with a maximum error of less than 3%. This provides a
solid basis for using the developed model in practice and considers it a cost-effective and
universal methodology for researchers working in adsorption, power engineering, and
environmental science, etc.

It is known that the adsorption rate and specific power of closed AHTS systems
can be greatly reduced by a non-condensable gas (NCG). Donkers et al. [23] studied the
effect of NCG on the performance of the reactor for thermochemical energy storage. The
theoretical and experimental study of the water evaporation/condensation process and
(K2CO3 hydration)/(K2CO3·1.5H2O dehydration) was performed. The main findings were
as follows: (1) even a small amount of NCG in a vacuum setup can significantly reduce
or even stop the evaporation/condensation, due to a high concentration of NCG located
over the condensation surface [24]; (2) the decrease in performance is related to the water
transport process, which is convection at low NCG content and transforms into a diffusion
at high NCG content. To design a robust AHTS system, strict demands on leak tightness of
the reactor/Ad-HEx unit have to be imposed. Significant progress achieved by the authors
in comparison with previous studies is associated with the development of a mathematical
model that allows acceptable levels of NCG in an AHTS unit to be calculated.

Chemisorption systems produce more heat per kg of adsorbed refrigerant and have
potentially higher COP than adsorption systems. Hinmers and Critoph [25] performed mod-
eling of the barium chloride ammoniation, keeping in mind this process for chemical heat
transformers/heat pumps. BaCl2 was confined to a conductive matrix of expanded natural
graphite to enhance the bed thermal properties. The model was built using semi-empirical
equations from the literature [26] and was validated with the kinetic tests performed by
a large temperature jump method. The authors mentioned that this method best tests
sorption systems with transient processes, such as supersaturation, overheating, and sub-
cooling, etc. A reasonable prediction for solid/gas reactions dynamics is possible with the
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suggested model if kinetic constants are known. In addition, the results provide enough
evidence and knowledge to produce a detailed design for a resorption bed or adsorption
generator.

Chorowski et al. [27] analyzed the AHTS applicability in countries with an essential
portion of CHP in total electricity production and well-developed district heating networks,
such as Poland, Russia, Ukraine, etc. The authors proposed modifications to increase the
COP by better software control of an existing large-scale (90 kW cooling power), three-bed,
two-evaporator adsorption chiller. The suggested changes were related to a sequence of the
switching valves, which enabled mass and heat regeneration to be implemented without
any changes in the chiller’s hardware. This resulted in significant improvement of the
COP (up to 0.7) and the cooperation of the chiller and heating source. The latter is of great
importance in the case of district heating supply. In the authors’ opinion, the presented
modifications could potentially lead to similar improvements in the AHTS performance.

Artificial neural networks (ANN) offer a modern way for modeling complex problems,
which cannot be described with simple mathematical approaches. The ANN is widely used
to model renewable energy systems [28]; however, their application for AHTS is still scarce.
This gap has partially been filled in by Halon et al. [29], who used a multi-layer ANN to
predict the cooling capacity and COP of a real adsorption chiller, built and operated in
Wroclaw, Poland.

First, the ANN was trained using experimental data, collected over several years
of testing the mentioned chiller. Then, the model was applied to accurately assess the
unit’s performance when driven by only partially predictable energy sources. As a result,
the cooling capacity of the adsorption chiller can be predicted with reasonable accuracy;
whereas, to achieve a similar accuracy of COP predictions, a substantially bigger experi-
mental database is required. The obtained results can be used to develop a flexible system
to control AHTS chillers.

3. Conclusions

On the one hand, the Special Issue “Adsorptive Systems for Heat Transformation
and Heat Storage Applications” clearly demonstrates the increasing attention which this
technology has attracted. This is due to its potential contribution to smoothing global
climate changes, rational use of renewable and waste energy, and its reduced consumption
of fossil fuel [30]. Another AHTS advantage is its modest consumption of electricity that
is especially important in places with electricity deficit or/and high costs of electricity.
On the other hand, the share of AHTS technology is almost negligible compared with
traditional systems—vapor compression and absorption chillers [31]. Therefore, there is
still room for improving AHTS units and making them more competitive [32]. We hope
that this SI will contribute to further development and dissemination of this promising
technology. For ensuring its future progress, intensive R&D programs are still necessary,
including the international collaboration of experts in materials science, thermal and
chemical engineering, adsorption technology, and related fields.
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