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Abstract. Porous materials act like a sponge for different types of gases. This property of porous materials is
widely used in adsorbed gas storage (ANG) and cooling systems (ACS). Adsorption based gas storage has a lot of
advantages, it allows to store almost the same amount of gas at more than 6 times lower pressure compared to
compression storage and there is no need on expensive compression equipment for preliminary multi-stage
compression. Adsorption principle is also used in cooling systems. It performs the function of compressor to convert
the refrigerant from gas state back to a liquid state. Adsorption cooling system does not require electricity for
operation, this makes possible to use ACS in remote underdeveloped regions. But ACS systems are bulky and have
low specific cooling power, which limits its wide use and propagation. In this paper a comprehensive review about
working principles of cooling systems and on methods of gas storage using adsorption principle was done. Termi-
nology, temperature effects, adsorption characteristics of an activated carbon which is considered as the most popular
adsorbent were investigated and given below.

Keywords: adsorption, activated carbon, adsorption cooling systems (ACS), adsorbed natural gas (ANG),
storage.

1. APPLICATION IN COOLING SYSTEMS. According to International Institute of Refrigeration
(IIR), approximately 15% of all electricity produced worldwide is used for refrigeration and air con-
ditioning [5, 14]. There are two types of cooling systems: a) sorption cooling systems and b) vapor
compression cooling systems. Inthe Table 1the main pros and cons of each ofthem are illustrated.

Working principle of both adsorption and compression cooling systems lies in the use of a refrigerant
with a very low boiling point (less than -18 0C). Refrigerants after taking the heat of the surrounding start
boiling and evaporating. Evaporated particles of the refrigerant take some heat away with them, thereby
provide cooling effect. The main difference between these two systems is the way how the refrigerant is
changed from a gas state back to a liquid state so that the cycle could repeat.

In adsorption cooling systems gaseous refrigerant is absorbed by another material, and the
temperature of refrigerant-saturated material increases, which leads to the refrigerants to evaporate out.
Hot gaseous evaporated refrigerants pass through a heat exchanger, where they give their thermal energy
outside the system and condense. After all, condensed refrigerant go to the initial compartment, where it
starts its next cycle. Whereas in compression cooling systems gaseous refrigerant passes through com-
pressor which increases its temperature above surrounding temperature, to assure the refrigerant to give
away its thermal energy to the environment.

Adsorption refrigerators need only heat so they can function (utilizes solar or low grade waste heat
which is in excess in power plants and automobile engines), and have no moving parts except refrigerant.
It is a fully thermally activated refrigeration system. Whereas, a compressor refrigerator requires electrical
or mechanical energy for operation (it uses an electrically powered compressor).

Working pairs for ACS. Working pair (adsorbent and adsorbate) is the most important element of
any ACS. The performance of ACS depends on selection of working pair and on their thermal and
adsorption properties. Other properties such as latent heat, freezing point and saturation vapor pressure,
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Table 1- Comparison of sorption and compression cooling systems

Advantages Disadvantages
Adsorption  a) utilize natural and benign refrigerants such as water, a) bulkiness
cooling methanol, ethanol, ammonia, CO2, R1234ze, etc. b) higher costs
systems b) zero global warming potential ¢) low performance
(ACS) ¢) canbe drivenwith solar energy or waste heat which
is abundant in summer when the cooling power is the

most needed

d) can operate off-grid, autonomously

e) low operating cost

f) simplicity of construction, lack of moving parts
g) simple control

h) quiet operation, no vibration

Vapor a) compact a) employs high global warming refrigerants
compression such as R134a (GWP = 1430) for mobile air
cooling conditioning and R410a (GWP = 1725) for
systems residential air-conditioning (chlorofluorocarbons

(CFCs) or Hydrofluorocarbons (HFCs))
b) stresses electric grids in summer
c) vibration problems, noise pollution

Table 2 - Working pairs and their characteristics [5, 14]

Adsorbate Heat of adsorption Evaporation

Adsorbent (refrigerant) (kJ/kg) temperature (cC) cop
. Water 2800 10C 04
Silica gel
Methyl alcohol 1000-1500
Water 3300-4200 5aC 0.9
Zeolite Carbon dioxide 800-1000
(various grades) Methanol 2300-2600
Ammonia 4000-6000
Water 3000
Activated alumina Ethane 1000-2000
Ethanol 1200-1400
Methanol 1800-2000 0.12 [18]
. Water 2300-2600
Activated carbon .
Ammonia 2000-2700 3cC 0.67
Carbon dioxide (CO2) [12]
Calcium Chloride Methanol

Table 3- Ways of overcoming the drawbacks of adsorption cooling systems

Ne Methods

a) Specific heat capacity [1,4]
b) Density [1,4]

¢) Thermal conductivity [1,4]
d) With higher sorption rate [5]

1 Presenting new adsorbents

Presenting new refrigerants

Employing new heat sources

. a) Increasing the number of fins in finned tube heat exchangers [1,4]
L?E;f?;?r%sheat transfer b) Consolidating the adsorbent [1,4]
c) Increasing heat transfer area of adsorber bed i.e., design of new adsorber bed [5]

Decreasing the driving temperature
Using heat recovery
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toxicity, flammability, corrosion, etc., also have same importance while selecting the working pair. The
common working pairs and their characteristics are illustrated in the Table 2 below. Depending on the
freezing and boiling points of refrigerants, working pairs can be applied for different purposes: refri-
geration, ice making, air conditioning, engine chilling etc.

Adsorption cooling systems are good for application in remote locations, where electrical resources
are limited, because they can operate off-grid, autonomously. But this system suffers with bulkiness (of
mass and volume) and low specific cooling power. In Table 3 the ways of making sorption cooling
systems more compact and productive are illustrated [1-5].

Operating principle. There are two main types of adsorbents: stationary (solid) and dynamic
(liquid). Adsorption systems for each ofthem are built differently. In ACS with stationary absorbent only
the adsorbate circulates. When in ACS with dynamic adsorbent both the adsorbate and adsorbent circulate.
For example, in ammonia/water ACS the water performs the function of an adsorbent, whereas in
water/activated carbon pair it is an adsorbate. In this work only operation principle of ACS with solid
adsorbent is considered. Activated carbon, silica gel and zeolite are related to solid adsorbents. In case of
usage of solid adsorbent, the system operates intermittently. To make it work continuously two or more
adsorbent beds are required. In each of these adsorbent beds adsorption and desorption occur alternately
[14, 15, 17]. Fig.1 and Fig.2b illustrate the schematics of one-bed adsorption chiller, where 1 - collec-
tor/generator/adsorber, 2 - condenser and 3 - evaporator. Adsorbate, which is initially in the evaporation
unit, takes the heat of the environment being cooled, Qevap, and evaporates out. In Fig.1la it is shown the
adsorption step which includes 1) pre-cooling of the bed with cooling water leading to the decrease in
temperature and pressure in the bed (see Fig.2, section D) and 2) adsorption of evaporated gas at
constant adsorption pressure, pa (section A). During this step the heat of adsorption Qa and cooling
Qc are emitted to the environment. And at point A, at the end of this step, the adsorption bed is saturated
with adsorbate. Fig.1b illustrates the desorption step that includes 3) pre-heating of the bed with waste
heat to increase the temperature and pressure up to condensation pressure (section A ~ B) and 4)
desorption during which adsorbent is removed from the bed and flows into the condensers, where it gives
some energy Qcona to the surrounding, condenses and flows into the reservoir (section B » C). During
this step the heat of desorption Qd and waste heat Qh are taken by the adsorption bed. At point C the
adsorbent bed is fully regenerated and cycle repeats.

In solar solid ACS an activated carbon is heated during the day and cooled at night [16]. As we see,
one-bed adsorption chiller does not chill continuously, but this disadvantage of ACS can be solved by
adding few more adsorption beds. Examples of continuous systems can be found in [19, 20]. Through
multi-bed operation the COP might be improved.

a) b)

Figure 1- Working principle of one-bed solid ACS: a) adsorption step, b) desorption step [14]
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3) b)

Figure 2 - Thermodynamic analysis of ACS:
a) the ideal cycle in the clapeyron diagram [14]; b) main compartments of simple ACS [16]

P-T-W (pressure-temperature-concentration) diagram. For thermodynamic analysis of working
pairs the P-T-W diagrams are used. It shows the relation among pressure, adsorption temperature and
adsorption uptake [16]. For example the PTW diagram of a carbon based composite adsorbent/C02 pair
investigated in [12] is shown in Fig.3. The diagonal lines correspond to the adsorption uptake. In this case
the refrigerant concentration in the adsorption bed varies between 0.6 and 0.93.
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Figure 3 - Example of PTW diagram: composite adsorbent/C02 [12]
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Coefficient of performance (COP). COP is the ratio of the heat extracted by the refrigerant
evaporation Qe (cooling energy) to the waste heat amount Qh received by the adsorption bed. In solar
ACS, Qh is the solar irradiation received by the area of the collector. For example, in [16] the cooling
performance of solar powered adsorption refrigerator (with an activated carbon/methanol working pair)
was tested during 14 days. During this period the daily mean ambient temperature varied between 14-18
0C. Depending on the weather the irradiation received by the collector varied from 12 000 to 27 000 kJ/m2.
The temperature achieved in the cooling box by the evaporation varied between 8.1 0C and -5.6 OC.
Thereby the COP ofthe refrigeration unit is found to be 5-8%.

2. APPLICATION IN GAS STORAGE. Activated carbons are used in natural gas and hydrogen
storage. Porous materials act like a sponge for different types of gases. The gas may then be
desorbed/extracted when subjected to higher temperatures. Gas storage in activated carbons is a promising
method because the gas can be stored in a low pressure, low mass, low volume environment that would be
much more feasible than storage in bulky compression tanks (see Table 4) [6]. Here the storage capacity is
expressed in terms of volume per volume (v/v), the volume of stored gas at standard temperature and
pressure per volume of storage space.

Table 4 - Comparison of Compression and Adsorption natural gas storage [9]

CNG Tanks ANG Tanks
(Compressed Natural Gas) (Adsorbed Natural Gas)
Material Heavy wall cylindrical steel tank Eﬁ%ﬂiﬁ aluminum tank filled with carbon
Storage at . .
pressures > 200 atmos (3000 psi or 21 MPa) 34.54 atmos (500 psi or 3.5 MPa)

Expensive 4 stage compression needed using ~15%
Cost and energy  energy of the gas [9].
consumption
during charging  1.65 MJ/kg energy is consumed during filling the CNG
tank from 1bar to 200 bar (197.4 atmos) [13] 0.86 MJ/kg [13]
Store/deliver ~220 —240 v/v based on internal volume.  Store 185 v/v

Single-stage compression [11]

No consideration of wall thickness or envelop box. Deliver ~150 v/v

Storage

capabilities Internal volume is ~70% of envelope, so storage is really ~ (Storage capacity is always greater than the
about 160 v/v. delivered capacity, by around 15%,

sometimes may reach 30% [10])
1 Impurities in natural gas can block the
micropores and over many

Disadvantages charging/discharging cycles may result in
decrease in storage capacity.
2. Needs thermal regulation

ANG at 1/6 the pressure store 85%, deliver 70% that of CNG

ANG

CNG

Figure 4 -
ANG versus CNG on CH4 delivery [9]

Pressure (MPa)
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Fig.4 illustrates the storage capacities of ANG and CNG at different pressures. ANG delivers 3 times
the volume of CNG at 5 MPa. At ~10MPa ANG reaches plato. CNG at 20MPa delivers ~30% more gas
than ANG at that pressure.

3. CONCEPTS RELATED TO ADSORBENTS. There are two types of adsorption: physical and
chemical. During chemical adsorption the adsorbate and adsorbent form a new type of molecules and
these molecules are decomposed during desorption process. Whereas during physical adsorption there is
no any new molecule synthesis, and it happens due to weak van der Walls forces between adsorbent and
adsorbate molecules [5]. For adsorption cooling most refrigerant molecules are nonpolar molecular gases
like ammonia, methanol, ethanol and other hydrocarbons that can be absorbed physically by activated
carbon, zeolite and silica gel.

Adsorbed gas amount. Gas Law states that the products of volume and pressure stay constant for
given amount of mass at fixed temperature. Ifto consider two chambers connected with a valved pathway
(Fig.5a), the product of pressure and volume of a gas in chamber A, when the valve is closed, is equal to
the product of a decreased pressure and an expanded volume after opening the valve.

Total moles ofgas a PV

PaVa = PAB (VA + VB)

a) b)
Figure 5- Schematics of experimental set-up for the adsorbed gas amount measurement

Now ifto put some porous material into the chamber B (Fig.5b), for example an activated carbon, the
products of pressure and volume before and after opening the valve will be no longer equal, because
molecules adsorb onto surface of material. The amount of adsorbed gas is found by subtracting initial and
resulting products of volume and pressure. This principle is used in finding adsorption characteristics of
materials [9].

Pa Va > Pab (Va + Fb)
Adsorbed gas amount a PAVA — Pab Ca + vb)

Adsorption Isotherm Adsorption isotherm. Adsorption process is usually studied
through adsorption isotherm. It is the graph of dependency of
adsorption uptake on pressure at constant temperature. In Fig.6, x is
the amount of adsorbed adsorbate and m is the amount of adsorbent.
So the adsorption uptake is the ratio of grams adsorbate to gram
adsorbent. Saturation pressure Ps is the value of pressure after
which adsorption does not occur anymore.

Apparent and skeletal densities. Porous materials have two
kind of density, apparent (or bulk density) and true (or skeletal
density). True (or skeletal) density can be measured by filling the
sample with helium since it will easily penetrate all the pores (up to
2 Angstrom). At the same time, He will not be adsorbed in the
material. The equipment is named pycnometer. The simplest type of

figure 6 - LLato Absorption Isotam [8]  gas pycnometer (see Fig.7) consists of two chambers, one to hold
_______ 32 —————-
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3) b)

Figure 7 - Working principle of gas pycnometer,
(a) the sample chamber pressurized only, (b) lower pressure after volume expansion

the sample and the reference chamber with known internal volume. The device also includes a valve
between two chambers and pressure measuring device connected to the first chamber [7]. The working
equation for a gas pycnometer is:

\'s
S = \C+- |
K
! P2
Where Vs is the sample volume, Vc is the volume of the empty sample chamber, Vr is the volume of the

reference volume, Pi is the first pressure (i.e. in the sample chamber only) and P 2 is the second (lower)
pressure after expansion ofthe gas into the combined volumes of sample chamber and reference chamber.

Small and
large organic
molecules

Pores available to

both small and large
Carbon molecule adsorption
Matrix

Pores available only
to small molecule
adsorption

Figure 8- Carbon pores illustration

Skeletal density of activated carbon investigated in [1] is about ps = 2200 kg/m 3. Apparent (or
real) density is just the ratio of the weight to volume of the sample. For example an apparent density of
activated carbon might be about pa = 275 kg/m 3.

Micropore volume and adsorbent porosity. A typical carbon is a mixture of micropores,
mesopores, macropores and void space [10]. The pore is said to be micropore if its diameter varies



BecTHMK HaunoHanbHOM akageMun Hayk Pecnybnmkn KasaxcTaH

between 2 —20 A, mesopore if 20 —50” and macropore >20 A [9]. In the voids and larger pores, the
gas is stored at the gas phase. The adsorption porosity for a given adsorbate is found by exclusion the
skeletal volume fraction and micropore volume fraction from the total volume fraction (equation below).
It is convenient to express micropore volume in crn”g-1. For given specific sort of activated carbon the
micropore volume is 1.7 cm?g-1. Therefore adsorption porosity y = 0.4075 [1].
1 Pa
Y=1-— - vnPa
Ps

Adsorbent particle density. Porous carbon exhibits great range of densities, pore volumes and pore
size distribution. Particle density is convenient to use for carbon characterization. Adsorption particle
density is the ratio of adsorbent mass by the volume occupied by particles including micropores volume
(therefore pv = 464.1 kg *m~3):

Pa Pa
Pp )
Ps vliPa

Highest adsorbed methane density is found in pores of effective pore width 7.4 A. “ldeal” carbon
would have only pores of 7.4 A, density of porous carbon 0.75 g/mL, maximum methane capacity at
298 K is 152 g/L, ~230 v/v.

Temperature effects. The ANG storage is accompanied by temperature effects. During filling
process, the temperature in the vessel rises, causing capacity loss. So the adsorption process is exothermic.
Whereas during discharging process the temperature gradually decreases, which means that process is
endothermic. In [11] the thermal changes during adsorption and desorption at different filling and
extraction rates are investigated. Adsorbent tested in that study was a granular activated carbon and
adsorbate was commercial methane. The 0.5 liter vessel used to store gas. The methane pumped into the
vessel up to 3.5 MPa (or ~35 atm) then pumped out straightaway till atmospheric pressure. Fig.9
illustrates how the temperature, gas uptake and pressure change over time (t) during adsorption and
desorption processes. The boundary that splits timeline into two parts is the moment when charging ends
and discharging begins.

Figure 9 - Temperature, gas uptake and pressure change over time during filling and discharging ANG tank
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Table 5- Storage capacity, the highest temperature over filling process,
delivery capacity and the lowest temperature over discharging at different flow rates [11]

Flow rate (I/min) Storage capacity (I/l)  The highest temperature  Delivery capacity (I/) ~ The lowest temperature

10 85.70 43 C 70.61 -14C
6.0 76.77 65 oC 68.60 -36 oC
10.0 64.14 75 C 63.00 -47 C

The results of experiments on measuring storage and delivery capacities of ANG vessel at different
flow rates 1.0, 6.0 and 10.0 I/min can be found in Table 5. Results of experiment show the storage and
delivery capacities are higher at slower flow rates. As higher the filling and discharging rate as sharper the
temperature drop.
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b. bepaeHosa, A. Llantaes
An-dapabu arbiHgarbl Kasak AnTrouy yHUBepcuTeTi, Anmatbl, KasakcraH

BEJICEHA1P1MTEH KOM1PA LW AACOPBUNANBLIL XXI3HE XblAYNbl, CNTTATTAMANAPLI MEH
OHbIL TABUTW TA34bl CAUTAY X3OHE AACOPBLUNANBIL CANUBIHOATY
XYMENEPIHAE MAVAANAHBINYbBIHA WLONY

AHHoTayma. Keyekn marepuangap sprYpni razgapgbl rybka tapisgi copbin anagbl. KeyeKri opranapgbiH 6
Kacuen afcopbUMANbIK cakray XaHe cankbiHaaTy XYWenepiHae KelHeH KongaHbinaabl. [asgapasl agcopbumnanaH-
raH ryYPge cakray KoliManapbIHbIH KENTEereH aprbiKWbUIbIKrapbl 6ap. Mbicanbl 61 TeEXHONOIMMS KOMNPECCMOH/bI Fa3
caKray TEXHONOTMACbIMEH CaNbICrbipraHa 6 ece KeM KbiCbIMAa LlamMmaMeH Gipfeii ras MeswepiH cakray MyMUHALWH
bepefi X3He anfblH ana Kencatbifbl Cbifyra apHaaraH KbiMbar KOMMPecCMOHAbl XabablKTapabl ranan erneigi.
Agncopbunsnay npuHLMAi cankbinaaty xYWenepinae Ae KeHiHeH kongaWbinagsl. M7Hpaii xYVenepge aiirbinran
NPUHLMN XNafareHTri ras MW HeH KaiiragaH c bk KYWre aiiHangpipyra apHanraH KOMIpeccop MiHAeriH aTkapagp!.
AncopbUMANLIK CankbIHAaTy XYAenepi ronbik X MbICbiH aTKapy YILiH 371EKIP KyarbiH KaXeT erneii® COHAbIKraH
67N TEXHONIOTUA 3MEKIP KyaTbl XKOK Hallap AaMbiraH alimakrapga KongaHblnybl MYMKiH. bipak, agcopbuuansik can-
KbiHAaTy XYlenepi Ken opbIH/b ranan eTefi )3He MEeHLIKTi CanKbiHAATy KyaTbl FEMEH, COraH Caiikec 6™ rexHoso-
FMsAHbIH KONAaHbINYbIHAA X3He rapanyblHfa LWekTeynep 6ap. bepinreH x”mbicra agcopbuus NpuHUMNIH Konga-
HaTbIH CafKbIHAATY XX3He rasfapfbl Cakray XyienepLii, X MbIC icrey nNpuHUUMrepi 60bIHLIA XaH-XaKrbl Loy
XYprisinreH. EH >akcbl agcopbeHT 60/biN caHanatbiH, 6enceHAipinreH KemipAl, remneparypanbik aggekTrepi,
afcopbUMANbIK Kacuerrepi )XsHe TePMUHONOTMACHI 3ePITenin, HArKenepi reMeHae KepcenareH.

TYWiH ce3gep: agcopbuus, 6enceHaipinreH kemip, aacopbLuanbik cankbiHaaTy XYWenepi (ACXK), raburu ras-
Abl agcopbumsnbik cakray (TFAC), cakray.

b. bepaeHoBa, A. Kantaes
Kazaxckunil HalMoHanbHbI yHUBEpCUTET UM. anb-Papabu, Anmartbl, KazaxctaH

OB30P AACOPBUMOHHbBIX N TEMNOBbIX XAPAKTEPUCTUK AKTUBVUPOBAHHOIO YT 4
M Erc NPMUMEHEHNE B CUCTEMAX AACOPBLUMOHHOIO XPAHEHWA T'A3A 1 OXJTAXAEHUNA

AHHOTauumsa. MNopuctble MaTepuanbl MMeHT CBOWCTBO MOr/OWATL ra3 Kak rybka. 3ro CBOWCTBO MOPUCTbIX
mMaTepranoB LMPOKO MCMOMb3YOTCA AN afCcopPOLMOHHOr0 XpaHeHNs rasa 1 CUCTeM OX/TaXXAeHUs. XpaHeHWe rasa B
aficop6bPOBaHHOM COCTOSIHUM MMEET MHOXECTBO AOCTOMHCTB, AaHHas TEXHOMNOTrMNA MO3BOASAET XPaHWUTb NPUOIM3N-
TeNbHO TaKol )Xe 06beM ra3a, Kak B KOMMP eCCUOHHbIX ra3o-6anioHax npu 6 pa3 MeHbLUEM AaBAEHUN U He TpebyeT
[JOPOTNX KOMMPECCMOHHbIX 060pYA0BaHUIA ANS MpeaBapuTeNbHOr0O MHOTOCTYMEHYATOro CXatus rasa. MpuHymn
afcopbunn Takxe MCMOoMb3yeTcs B CUCTEMAX OXNaXAEHWUS. B KOTOPbIX, AaHHbIA NPUHLUWM BbINOAHSET (QYHKUMIO
KOMMpeccopa AN Npeobpa3oBaHus XxnafareHTa M3 rasoBoro COCTOSHMA 06paTHO B XMAKOE cocTosHue. CucTema
afICOPOLMOHHOr0 OXNaXAeHNs He TPebyeT 3NeKTpuYecTBa ANs NONHOLEHHOW paboTkl, 3ro No3Bo/seT UCMONb30Ba-
HVe [aHHOI TeXHONOrnK B OTAANEHHbIX CNabopa3BUTbIX pernoHax. OAHaKO CUCTEMbI afCOPOLMOHHOIO OXNaXKAEHMS
rPOMO3AKM U UMEIT HU3KYIO YAeNbHYH MOLWHOCTb OXMIaXKAEHNS, YTO OrpaHnYMBaeT UX MUCMO/b30BaHUE U pacnpo-
CTpaHeHue. B paboTe npoBefeH BCECTOPOHHWIA 0630p MPUHLMMNOB PaboTbl CUCTEM OXNTAXKAEHUS U METOLOB XpaHe-
HWA rasa B aACoOpObMPOBaHHOM COCTOSHMMW. TepMUHONOTUSA, TeMnepaTypHble aPdeKTbl, a4COPOLUNOHHbIE XapaKTepuc-
TUKW aKTMBMPOBAHHOIO YIS, KOTOPbIA cyMTaeTca Hambonee nonynspHbIM afacopb6eHTOM OblinM MUCCNefoBaHbl M
pe3ynbTaTbl NPUBEAEHbBI HUXE.

KntouyeBble CnoBa: agcopbums, aKTUBMPOBAHHbIA Yronb, afcoOpPOLMOHHbIE CMCTEMbI oxnaxaeHusi (ACO),
aacopbuMoHHOe XpaHeHWe npupogHoro rasa (AXII), XxpaHeHue.
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