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Abstract. Exergy analysis of an open-mode adsorptive heat storage unit has been performed when a composite 
‘silica gel – crystalline hydrate’ used as an adsorbent. The crucial factors affecting the exergy efficiency factor are 
stated to be temperature and initial humidity of airflow supplied to the inlet of adsorbent layer, temperature of ex-
ternal air and methods of air flow humidification. Procedure of calculation of the operating characteristics of an 
open-mode adsorptive heat storage device was further developed. The suggested procedure involves determination 
of adsorption, specific adsorption heat and final airflow temperature, useful heat, heat inputs for operating heat 
storage device and its efficiency factor, then exergy recovered, exergy supplied and exergy efficiency are calculated. 
Exergy efficiency depends on characteristics of flow of humid air fanned into the adsorbent layer such as tempera-
ture and initial absolute humidity which strongly affect the adsorption and final airflow temperatures. Increase of 
initial temperature of the humid air leads to decreasing of the exergy efficiency. Maximal values of exergy efficiency 
are determined at the absolute humidity and temperatures of initial airflow within the ranges of 0.03 – 0.04 kg/m3 
and 20 – 30ºC, respectively. These characteristics are corresponded to the maximal airflow temperatures after pass-
ing through the adsorbent layer which meet to the Sanitary Regulations. Dependence of exergy efficiency vs. exter-
nal air temperature and initial airflow temperature is shown. The exergy efficiencies of the open-mode adsorptive 
heat storage unit with steam and ultrasonic humidification were compared. Ultrasonic humidification is shown to 
allow increasing the exergy efficiency by 7 % against steam humidification. The obtained results can be used when 
energy-efficient heat and ventilation systems for residential premises developed.  

Key words: adsorptive heat energy transformation, open-mode adsorptive heat storage unit, exergy efficiency, 
composite adsorbent, adsorption.  

 
Introduction. In a period of increasing scarcity of primary fuel and rising energy prices, climate warming and 

air pollution, it becomes crucial to use all available energy resources. For example, application low-potential heat 
energy sources still remain promising but highly difficult for commercialization option [1 – 3]. In these conditions 
adsorptive heat energy conversion becomes a promising process [3]. Operation cycle of such devices involves two 
modes: discharge (adsorption) and charge (regeneration of an adsorbent or desorption) [4].  

Despite the fact that adsorptive heat conversion is promising technology, there is still gap between laboratory 
prototypes and semi-commercial devices. It results from not only because of poor adsorptive properties of conven-
ient adsorbents or complicated technology of obtaining composites ‘salt inside porous matrix’ but also from absence 
of procedure for calculation of operating parameters of adsorptive heat storage unit. For example, the mathematical 
model developed by Nagel et al. [5], which was modified by Lehmann et al. [6] is based on the provisions of the 
Dubinin-Polyany theory. They provide for the determination of the adsorption potential and the specific adsorbed 
volume as its function, which allows determining the adsorption, i.e. water uptake. 

Mathematical models focused on predicting the adsorption kinetics of silica gels, zeolites and/or salts that form 
crystal hydrates should allow to establish the optimal operating parameters of the adsorption unit should. All such 
models describe the kinetics of adsorption, based on the model of linear driving force (LDF). Michel et al. [7] de-
veloped a general two-dimensional model (2D) of the adsorber, which considers heat and mass transfer in the adsor-
bent layer and the flow of moist air. Due to additional assumptions, this model is modified to represent the same 
porous layer that interacts with pure steam. The model include heat and mass balances, as well as the kinetic equa-
tion. To study the thermal dynamics of a 13X zeolite-based adsorption heat storage device, a non-isothermal and 
non-adiabatic adsorption model including a mass and energy transfer equation was developed by Gaieni et al. [8]. 
First, the heat and mass balances used in the model are established. Then the kinetic model of LDF and the value of 
its coefficient are explained. 

However, there is still no one opinion about criteria of estimation of efficiency of adsorptive heat conversion 
unit. Most of mathematical models are focused on a single stage of operation of adsorptive heat storage device. 
Basically, it is adsorption, estimation of efficiency of the device being based on only this stage [8]. However, operat-
ing cycle of adsorptive heat storage device involves the next stages:  discharge of the device (adsorption of work 
fluid with heat storage media, i.e. adsorbent), heating the adsorbent up to regeneration temperature, charge, i.e. de-
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sorption, cooling the adsorbent down to the temperatures to begin an adsorption. Discharge is accompanied with 
evaporation of the work fluid.  

Most of proposed mathematic models are concerned with estimation of the efficiency of adsorptive heat conver-
sion unit by the first law of thermodynamic. And a very little number of works are focused on exergy efficiency of 
adsorptive heat energy conversion [9, 10]. They are mostly focused on methodology of calculation of exergy effi-
ciency [9, 10] or exergy efficiency vs. operating parameters such as heat transfer fluid flow [11]. However, operat-
ing parameters of adsorption – desorption processes are crucial for estimation the efficiency of adsorptive heat con-
version unit. 

The aim of present work is to estimate the performance of open-mode heat energy storage unit by the exergy 
analysis. To achieve this aim, the next tasks are set: 

- to state basic factors affecting the exergy efficiency factor; 
- to reveal correlation exergy efficiency factor vs. operating mode of  adsorptive heat storage device; 
- to determine the basic requirements to performance of open-mode  adsorptive heat storage units.  
Experimental. The present work is focused on corellation exergy efficiency factor and performance of the open-

mode adsorptive heat storage unit. Design of its laboratory prototype is given in [12], its length being 0.6 m. Operational 
mode of heat storage unit involves two alternating phases (Fig. 1). The first phase corresponds with discharge (Fig. 
1a). i.e. adsorption, when external air pumped into humidifier and then directed to resistance element and the layer 
of adsorbent where water being adsorbed from flow humid air.  

 
Fig. 1 – Prosesses of discharge (a) and charge (b) of open-mode adsorptive heat storage unit. 
 
Temperatures of both adsorbent and air are increased. The second phase, i.e. charge (Fig. 1b) or regeneration of 

adsorbent, proceeds when layer adsorbent layer is heated by flow of hot air up to temperatures above treg which leads 
to desorption of water. 

Operating cycle of adsorptive heat energy storage device is given in Fig. 2. Its stages are the next. Process 1 – 2 refers 
to the discharge of adsorptive heat energy storage device. Process 2 – 3 corresponds with heating the adsorbent up to re-
generation temperature. Charge of the device is given by the line 3 – 4, and cooling the adsorbent up to temperatures of 
beginning the adsorption being presented by line 4 – 1. 

 
Fig. 2 – Operation cycle of adsorptive heat energy storage device 

The general reaction can be presented as 
‘silica gel – Na2SO4’ + nН2О ↔ ‘silica gel – Na2SO4·10H2O’·(n-10)H2O + ΔHads                                (1) 

The suggested model is based on the second law of thermodynamics. The next hypotheses are pre-supposed: 
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1. The system is operated at a stable state. 
2. The heat losses are negligible. 

Exergy recovered can be given as recommended in [10] 
௥௘௖ܧ = ܳ௔ௗ௦ ∙ ቀ1 − బ்

మ்
ቁ                                                                                  (2) 

where ܳ௔ௗ௦ is considered as heat of adsorption, kJ, T2 refers to the final temperature of inflowing air, K; T0 is 
considered as temperature of external air, K.  

Exergy supplied for heating, evaporation and desorption were calculated according to [11]. 
Exergy supplied can be calculated as the sum of exergy of desorption, evaporation and heating the airflow and 

adsorbent 
௦௨௣ܧ = ܳௗ௘௦ ∙ ቀ1 − బ்

య்
ቁ + ܳ௘௩ ∙ ቀ1 − బ்

భ்
ቁ + ݎܸ݅ܽ ∙ ᇱܥ ∙ ቀ ଷܶ − ଵܶ − ଴ܶ ∙ ݈݊ య்

భ்
ቁ +                              (3) 

௔ௗ௦ܯ)+ ∙ ௔ௗ௦ܥ + ௔ௗ௦ܯ ∙ ܣ ∙ (௪ܥ ∙ ቆ ଷܶ − ௔ܶ௜௥௙௜௡ − ଴ܶ ∙ ݈݊ ଷܶ

௔ܶ௜௥௙௜௡
ቇ 

where Qdes and Qev refers to the heat of desorption and evaporation, respectively, kJ, Vair is the volume of air 
which passed through the layer of adsorbent, m3, C’ is special heat of air, kJ/m3·K, Cads and Cw is special heat of 
adsorbent and adsorbate, kJ/kg·K, A is adsorption, kg/kg; T1 and T3 are temperatures of airflow which supplied to 
the adsorbent layer and temperatures of regeneration of the adsorbent, K, Tairfin is a final temperature of inflowing air 
when discharged, K. 

Heat of adsorption, desorption, adsorption or water uptake and final temperature of inflowing air are calculated 
by technique which was proposed earlier [13]. 

So exergy efficiency factor can be calculated as [10] 
௘௫ߟ = ாೝ೐೎

ாೞೠ೛
∙ 100 %                                                                                  (4) 

Results and discussion 
Correlation between performance and exergy efficiency of operating of open-mode heat storage unit is consid-

ered under conditions of convenient ventilation system of residual premise (a total area of 103 m2, a height of 2.5 
meters), the load for heating the inflowing air being about 327.9 MJ per a day. The mass of the composite ’20 % 
silica gel – 80 % Na2SO4’ corresponding to this thermal load is estimated to be 96 kg. Exergy efficiency was calcu-
lated when temperatures of composites achieved regeneration temperatures or adsorption reached up maximal value. 

As expected, exergy efficiency is affected by absolute humidity of airflow supplied into the adsorbent layer 
(Fig. 3) which resulted from increasing the water uptake, heat of adsorption and exergy recovered. However, speed-
dependence is rather complicated, i.e. increase of the airflow speed leads to rise of adsorption and temperature of 
adsorbent layer.  
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Fig. 3 – Exergy efficiency of open-mode heat storage unit vs. airflow speed. Temperature of flow of humid 
air, ºC: 20(a), 30 (b), 40 (c), 50 (d) 
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As a result, time of achieving of regeneration temperatures, water uptake during discharge and as a consequence 
exergy recovered decrease. This is the most visually striking at temperatures of humid airflow of 40 – 50°C when 

aiflow heated upto 80°C in 1 – 3 hours. The ad-
sorption doesn’t surpass 20 % of its limit value 
under these conditions. Alongside with increasing 
exergy supplied, it also leads to decreasing the 
exergy efficiency. 

Exergy efficiency strongly depends on tem-
peratures of external air and inflowing humid air 
(Fig. 4). Maximal values are stated at temperatures 
of external air of -5 - 0°C and humid air pumped to 
the adsorbent layer of 20 – 30°C which results 
from minimal values of exergy supplied. 

It was stated previously [4] that maximal val-
ues of efficiency factor of open-mode heat storage 
device of nearly 50 – 60 % can be observed at the 
airflow speed of 0.3 – 0.5 m/s with an absolute 
humidity of 50 – 60%. Moreover, initial temper-
atures and absolute humidity of initial airflow have 
to sustain at 20 – 30ºC and 0.03 – 0.04 kg/m3 to 
achieve maximal temperatures of airflow of 65 – 
80ºC corresponded with Sanitary Regulation [13]. 

These conditions are corresponded to the maximal values of exergy efficiency. 
Then, ways to improve efficiency of heat storage device were considered. It should be noted that the maximal 

heat inputs for operating the heat storage units results from desorption and evaporation. 
Dependences of exergy efficiency vs. airflow speed for the open-mode adsorptive heat storage device when 

steam or ultrasound air humidification used are compared in Fig. 5.  
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Fig. 5 – Exergy efficiency of open-mode heat storage unit vs. airflow speed. Air humidification: steam (a) 
and ultrasonic (b). Absolute humidity of air flow 0.03 (1, 1’) and 0.04 (2. 2’). Temperature of flow of humid 

air, ºC: 20(a) and 30 (b) 
 

It should be noted that using ultrasonic humidification results allow to increase exergy efficiency by 7 – 10 % 
against steam humidification (Fig. 5, curves 1’ and 2’). Maximal values of exergy efficiency are stated at airflow 
speed 0.4 – 0.5 m/s which are corresponded to maximal values of adsorption. 

Conclusions. Exergy analysis of the open-mode adsorptive heat storage unit based on composite ‘silica gel – 
sodium sulphate’ is performed. The procedure of calculation of exergy efficiency of adsorptive heat has been ob-
tained a further development.  The correlation of exergy efficiency and operating mode of adsorptive heat storage 
unit is shown. The basic factors affecting the exergy efficiency are stated to be initial humidity and temperature of 
airflow supplied into the adsorbent layer, temperature of external air and methods of air flow humidification. It was 
stated that exergy efficiency factor strongly depends on initial absolute humidity and temperature of air which sup-
plied to the adsorbent layer. The initial temperatures and absolute humidity of this airflow of 20 – 30ºC and 0.03 – 
0.04 kg/m3 and airflow speed 0.3 – 0.5 m/s are confirmed to be an operational mode which allows to achieve not 
only maximal efficiency factors but also maximal exergy efficiency. 

The exergy efficiencies of adsorptive heat storage unit were compared when steam and ultrasonic humidifica-
tion were used. Ultrasonic humidification allows to increase exergy efficiency at least by 7 % as compared with 
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steam humidification, maximal exergy efficiency being stated at the absolute humidity and initial temperatures of 
this airflow of 0.03 – 0.04 kg/m3 and 20 – 30ºC and airflow speed 0.3 – 0.5 m/s. 

This work was partially supported by Ministry of Education and Science of Ukraine (grant number 
0119U002243). 
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ЕКСЕРГЕТИЧНИЙ АНАЛІЗ АДСОРБЦІЙНОГО  

ТЕПЛОАКУМУЛЮЮЧОГО МОДУЛЯ ВІДКРИТОГО ТИПУ НА  
ОСНОВІ КОМПОЗИТНОГО АДСОРБЕНТУ  

«СИЛІКАГЕЛЬ – КРИСТАЛОГІДРАТ» 
 

Бєляновська  О.A., канд. техн. наук, доцент, Сухий К.М., д-р техн. наук, професор,  
Сергієнко Я.О., аспірант, Сухий М.П., канд. техн. наук, професор, 

Пустовой Г.М., аспірант, Суха I.В., канд. техн. наук, доцент 
ДВНЗ «Український державний хіміко-технологічний університет», м. Дніпро 

 
Анотація. Проведено ексергетичний аналіз адсорбційного теплоакумулюючого модуля відкритого ти-

пу, коли в якості адсорбенту використовується композит «силікагель – кристалогідрат». Вирішальними 
факторами, які впливають на ексергетичний коефіцієнт корисної дії, є температура та початкова воло-
гість потоку повітря, що подається до шару адсорбенту, температура зовнішнього повітря та способи 
зволоження повітряного потоку. Отримала подальший розвиток процедура розрахунку експлуатаційних 
характеристик адсорбційного тепло акумулятора відкритого типу. Запропонована процедура включає 
визначення адсорбції, питомої теплоти адсорбції та кінцевої температури повітряного потоку, корисної 
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теплоти, теплових витрат для роботи теплоакумулятора та його коефіцієнт корисної дії, потім розрахо-
вують використану ексергію, витрати ексергії та ексергетичний коефіцієнт корисної дії. Показано, що 
ексергетичний коефіцієнт корисної дії залежить від характеристик потоку вологого повітря, що подаєть-
ся до шару адсорбенту, таких як температура та початкова абсолютна вологість, які впливають на ад-
сорбцію, теплоту адсорбції та кінцеву температуру потоку повітря. Підвищення початкової температу-
ри вологого повітря призводить до зниження ексергетичної ефективності. Максимальні значення ексерге-
тичного коефіцієнта корисної дії визначаються при абсолютній вологості та температурах початкового 
повітряного потоку в межах 0,03 – 0,04 кг/м3 та 20 – 30ºC відповідно. Ці характеристики відповідають 
максимальним температурам повітряного потоку після проходження шару адсорбенту, що відповідають 
санітарним нормам. Показана залежність ексергетичного коефіцієнту корисної дії від температури зов-
нішнього повітря та початкової температури повітряного потоку. Порівняно ексергетичні коефіцієнти 
корисної дії відкритого адсорбційного теплоакумулюючого модуля з паровим та ультразвуковим зволожен-
ням. Показано, що ультразвукове зволоження сприяє підвищенню ексергетичного коефіцієнта корисної дії 
на 7 % проти парового зволоження. Отримані результати можуть бути використані при розробці енерго-
ефективних систем опалення та вентиляції житлових приміщень. 

Ключові слова: адсорбційна трансформація теплової енергії, адсорбційний теплоакумулюючий модуль 
відкритого типу, ексергетичний коефіцієнт корисної дії, композитний адсорбент, адсорбція.  
 

Список використаної літератури 
1. Karabarin, I., Mihailenko, A. The Use of Low-Potential Energy Sources Based on Organic Rankine Cycle. 

Journal of Siberian Federal University. Engineering & Technologies. 2018. Vol. 11. P. 867-876. 
10.17516/1999-494X-0101.   

2. Shkrabets, F.P., Berdnyk, V.V.. Secondary Power Resources of the Fuel and Energy Complex in Ukraine. 
Mechanics, Materials Science & Engineering Journal, Magnolithe, 2016. ff10.13140/RG.2.1.2970.7921ff. 
ffhal-01301530f 

3. Dai, B., Zhao, P., Liu, S., Su, M., Zhong, D., Qian, J., Hu, X., Hao, Y. Assessment of heat pump with carbon 
dioxide/low-global warming potential working fluid mixture for drying process: Energy and emissions saving 
potential. Energy Conversion and Management. 2020. Vol. 222, P. 113225. 
doi:10.1016/j.enconman.2020.1132  

4. Sukhyy, K.M., Belyanovskaya E.A., Sukhyy M.P. Technology Development for Adsorptive Heat Energy 
Converters: Emerging Research and Opportunities. San Francisco: IGI-GLOBAL, USA,  2020 328 pp. 
DOI: 10.4018/978-1-7998-4432-7 

5. Nagel,T., Beckert, S., Böttcher, N., Gläser, R., Kolditz O. (2015). The impact of adsorbate density models on 
the simulation of water sorption on nanoporous materials for heat storage, Energy Procedia, 2015. Vol. 75. P. 
2106 – 2112  

6. Lehmann, C., Beckert, S., Nonnen, T., Möllmer, J., Gläser, R., Kolditz, O., Nagel, T. A comparison of heat 
storage densities of zeolite granulates predicted by the Dubinin-Polanyi theory to experimental measurements, 
Energy Procedia, 2015. Vol. 105. P. 4334 – 4339 

7. Michel, B., Neveu, P., Mazet, N. Comparison of closed and open thermochemical processes, for long-term 
thermal energy storage applications. Energy. 2014. Vol, 72. P. 702 – 716. 10.1016/j.energy.2014.05.097. 

8. Gaeini, M.,  Zondag, H.A.,. Rindt, C.C.M. Effect of kinetics on the thermal performance of a sorption heat 
storage reactor. Appl. Therm. Eng. 2016. Vol. 102. P. 520 – 531 

9. Abedin, A., Rosen, M. Energy and Exergy Analyses of an Open Thermochemical Energy Storage System: 
Methodology and Illustrative Application. The Open Renewable Energy Journal. 2012. Vol. 5. P. 41-48. 
10.2174/1876387101205010041.  

10. Alami, A., Makhlouf, M., Lousdad, A., Khalfi, A., Benzaama, M.-H. Energetic and exergetic analyses of 
adsorption heat transformer ameliorated by ejector. Journal of the Brazilian Society of Mechanical Sciences 
and Engineering. 2016. Vol. 38. 10.1007/s40430-016-0593-8. 

11. Li, G., Qian, S., Lee, H., Hwang, Y., Radermacher, R. Experimental investigation of energy and exergy 
performance of short term adsorption heat storage for residential application. Energy. 2014. Vol. 65. P. 675-
691 

12. Пат. 141142 UA. МПК F24H 7/04 (2006.01) Адсорбційний акумулятор теплової енергії / Сергієнко Я.О.; 
Бєляновська О.А.; Сухий К.М.; Коломієць О.В., Суха І.В.; Сухий М.К., ДВНЗ  «Український державний 
хіміко-технологічний університет»,  заявка № u201908840, заявл. 22.07.2019., опубл. 25.03.2020, бюл. 
№ 6. 4 с. 

13. Belyanovskaya, E., Lytovchenko, R., Sukhyy, К., Serhiienko, Y., Sukhyy, М., Sukha, І. Thermal conditions of 
adsorptive heat storage device operating in open-mode for heating inflowing air. Scientific Works. 2021. Vol 
85, № 1. Р. 15 – 19. 

 Отримано в редакцію 03.06.2022    Received 03.06.2022 
Прийнято до друку 20.09.2022    Approved 20.09.2022 


