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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/m’
and 20 — 30°C, 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. [S], 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.
la). 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.
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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 t,., 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.
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Fig. 2 — Operation cycle of adsorptive heat energy storage device

The general reaction can be presented as
‘silica gel — Na,SO,4’ + nH,0 « ‘silica gel — Na,SO4- 10H,O’(n-10)H,O + AH,qs (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]
Erec = Quas - (1 - :_:) (2)
where Q4 is considered as heat of adsorption, kJ, T, refers to the final temperature of inflowing air, K; TO 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

Equp = Qdes-(l—;—:)+ Qe,,-(1—:—‘1’) +Vair- ¢+ (T, - T —To-ln:—j)+ 3)

T.
+(Mads *Coas + Mggs-A- Cw) ' (TS - Tai‘rfin T n s )
airfin

where Qqes and Q. refers to the heat of desorption and evaporation, respectively, kJ, V,;; is the volume of air
which passed through the layer of adsorbent, m’, C’ is special heat of air, kJ/m*-K, Chys and C,, is special heat of
adsorbent and adsorbate, kJ/kg-K, A is adsorption, kg/kg; T; and T; are temperatures of airflow which supplied to
the adsorbent layer and temperatures of regeneration of the adsorbent, K, T4, 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]
Tex = 755+ 100 % (4)
sup
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 m’, 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 % Na,SO,’ 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, °C: 20(a), 30 (b), 40 (c), S0 (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.

7& 30 - It was stated previously [4] that maximal val-
-10 e,@eﬁ‘% ues of efficiency factor of open-mode heat storage
device of nearly 50 — 60 % can be observed at the
%, e, " ,‘eﬁ\?ex _oC airﬂ?vY speed of 0.3 — 0.5 m/s with an absolute
PN humidity of 50 — 60%. Moreover, initial temper-
atures and absolute humidity of initial airflow have
Fig. 4 — Exergy efficiency factor vs. temperatures of 10 sustain at 20 — 30°C and 0.03 - 0.04 kg/m’ to
humid airflow and external air achieve maximal temperatures of airflow of 65 —
80°C 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, °C: 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 — 30°C and 0.03 —
0.04 kg/m® 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

Hayxkosi npari, Tom 86, Bumyck 1 54 Scientific Works, Volume 86, Issue 1



O0ecoKuil HAYiOHANbHULL MEXHOIO2IYHULL YHIBEePCUTNem

steam humidification, maximal exergy efficiency being stated at the absolute humidity and initial temperatures of
this airflow of 0.03 — 0.04 kg/m’ and 20 — 30°C and airflow speed 0.3 — 0.5 m/s.
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EKCEPTETUYHHUUI AHAJII3 AJICOPBIIHHOI'O
TEILIOAKYMYJIIOIOUOT O MOJYJISI BIIKPUTOI'O TUITY HA
OCHOBI KOMIIO3UTHOT'O AJCOPBEHTY
«CIIIKATEJIb — KPUCTAJIOTTAPAT»

BeasinoBebka O.A., KaHI. TeXH. HayK, qoneHT, Cyxuii K.M., 1-p TexH. Hayk, npogecop,
Ceprienko A.0., acnipant, Cyxuii MLII., kana. Texd. Hayk, npogecop,
IycroBoii I'.M., acnipant, Cyxa I.B., kaHJ. TeXH. HAYK, TOLEHT
JABH3 «Yxkpaincbkmuii 1ep:kaBHU XiMiKO-TeXHOJIOTiYHMIA YHIBepcuTe™, M. /{HINpO

Anomauin. Ilposedeno excepeemuuHuil auaniz aocopoYitino2o MenioaKymyi0i04020 Mooyis GiOKpUMo2o mu-

ny, KO 8 AKOCMI a0copbennty UKOPUCIOBYEMbCI KOMRO3UN «CUliKazelb — Kpucmanociopamy. Bupiwanenumu
gaxmopamu, aKi GnIUBAIOMb HA eKcepeemuyHull Koeghiyicum KopucHoi 0ii, € memnepamypa ma noYamKosa 60.10-
2icmb HOMOKY NOGIMpsi, WO NOOAEMbCSL 00 WApy A0COpOEeHmy, memnepamypa 308HIUHbO20 NOSIMPs. ma Cnocoou
380J100ICEHHsT NOGIMPAH020 homoky. Ompumana nooarbUULl PO36UIMOK NPoyedypa pPO3PAXyHKY eKCHLyamayitiHux
xapakmepucmux aocopOyiiinozo menio axKymynsmopa 6iOKpumoz20 muny. 3anponoHosana npoyedypa 6KI0YaAe
BUBHAYEHHs A0CopOYIL, numomoi meniomu adcopoyii ma Kinyesoi memnepamypu nOGIMpPsIHO20 NOMOKY, KOPUCHOL
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Meniomu, meniosux UmMpam OJisi pobomu MenI0aKyMyasmopa ma uoeo Koegiyicnm KopucHoi 0ii, nomim po3paxo-
8YIOMb BUKOPUCMAHY eKcepelio, sumpamu ekcepeii ma exkcepeemuyHuil Koegiyicum xopuchoi Oii. Iloxaszano, wo
excepeemuyHUll Koegiyienm Kopucnoi Oii 3anexicums 610 XapaKxmepucmux HOMoKy 80102020 NOGIMPS, WO NOOAEMb-
¢s1 00 wapy aocopoenmy, maxKux sk memMnepamypa ma no4amro8a abCcomOMHA 80N02ICMb, SIKI 6NAUBAIOMb HA A0-
copbyiio, mennomy adcopbyii ma Kinyegy memnepanmypy nomokxy nogimps. Iliosuwenns novamxoeoi memnepamy-
PU 801102020 NOGIMPsi NPUBOOUNL 00 ZHUIICEHHSI eKcepeemuyHoi eghexmusnocmi. Maxcumanvhi 3navenns excepae-
MU4H020 Koe@iyicnma KopucHoi 0ii’ 6UHAYAOMbCsl NpU aOCOTOMHIL B0020CMI MA MEMNEPATYPAX NOYAMKOBO20
nosimpsanozo nomoxy 6 mexcax 0,03 — 0,04 ke/s’ ma 20 — 30°C gionosiono. L]i xapakmepucmuxu 8ionogioaioms
MAKCUMATLHUM MEeMRepamypam nogimpsano20 HOMOKY NiCIsL NPOXOOJCEHHs. wapy aocopOeHmy, wo 8i0nosioaioms
canimapnum Hopmam. Tloxkazana 3anexncHicmes excepeemuuno2o Koegiyicumy KopucHoi 0ii 6i0 memnepamypu 306-
HIWHbO20 NOGIMPST MA NOYAMKOBOI MmeMnepamypu nosimpsino2o nomoky. Ilopiensano excepeemuuni Koe@iyieHmu
KOpUCHOI il 8I0Kpumozo adcopoyilino2o menioaKymymonyo20 MOOYJs 3 Napogum ma YibmpazeyKo8UM 3601104CEH-
Ham. Tloxkazano, wo y1vmpazeykoee 36010H4CeHHsL CRPUSIE NIOBUUEHHIO eKCepeemUiHo20 Koeiyienma Kopuchoi Oii
Ha 7 % npomu napoeo2o 38010cenusi. Ompumani pesyiomamu ModCymv 6ymu UKOPUCMAH npu po3poobyi enepeo-
ehermueHUx cucmem ONAIeHHs MAa GEHMUNAYIT HCUMIOBUX NPUMILYEHD.

KurouoBi ciioBa: ancopOiriiiHa TpanchopmMallis TEIUIOBOI eHepril, aIcopOIliHUN TEIT0aKyMYTFOIUUNA MOTYIh
BiJIKPUTOT'O THITY, €KCEPTeTUUHHIA KOe(IIlIEHT KOPUCHOI Aii, KOMIIO3UTHUIH aIcOPOEHT, aacoporis.
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