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Investigation on Hot Water and Refrigerating
Supply System Using Solar Energy

Tra Qui Phan

The University of Danang — College of Technology, Danang, Vietnam

ABSTRACT: This article shows the results of the research, calculation, design and testing of a hot water and
refrigerating supply system using solar energy in Vietnam. Solar energy is widely used to provide hot water in
Vietnam, however, to combine hot water and cooling supply through an adsorption refrigeration system is a new
problem. The author uses the knowledge of cooling adsorption techniques and solar energy to calculate the design and
test the system. The results of the study can be used as reference to improve the performance of solar adsorption
refrigeration systems.
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I. INTRODUCTION

Asolar hot water supply and refrigeration system is essentially a solar hot water system, which is coupled to a solar
adsorption cooling system. A solar adsorption cooling system needs only heat for operation, which is supplied by the
solar irradiation. Compared to compression refrigeration machines which are operated with electricity, it can be used in
areas where there is no electrical energy, but strong solar radiation. The adsorption principle has hitherto been used in
other fields (e.g., material separation);relatively rarely used for cooling/ air-conditioning.

The idea of using the adsorption process for refrigeration and air-conditioning was taken up between about 1970 and
1990 by Tchernev in the USA and Alefeld in Germany [1]. After that, Headley has built up in 1994 a methanol/
activated carbon adsorption refrigerator, powered by a solar collector with reflector mirror [2, 3]. The performance was
low. To increase the overall efficiency and the effectiveness of the solar refrigeration system, we combinate the solar
water heating with adsorption refrigeration system.

Il. SOLAR HOT WATER AND REFRIGERATING SUPPLY SYSTEM

The solar hot water and refrigeration system is essentially a common arrangement, whereby a solar hot water supply
combined with an absorption refrigeration.

2.1 Principle of a solar hot water and refrigerating supply system

A schematic diagram of a solar hot water and cooling system is illustrated in Fig. 1. It essentially consists of: solar tube
collector (2), Condenser (7), evaporator (11), cold box (10), and hot water vessel (16) with sorber (14). In the sorber,
there is a heat exchanger consisting of numerous pipes and two perforated plates. Evaporator is insulated by
Polyurethane foam.
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Fig. 1 Scheme of a solar hot water and refrigeration system

2.2 Process diagram and functionality

To illustrate the ideal process of the entire sorption cycle, a pressure - temperature diagram with sorption isosteres is
used as a parameter (Fig. 2). With the common application of In (p) above -1/T, as is generally known, approximate
strains are obtained for vapor pressure, boiling pressure curves and isostere. The process sequence combines the vapor
pressure line of the rich methanol (X ->o0), two isosteres (X = X; and X) and two isobars. For idealized, pp = pc and pg

= pAd [41 51 6]
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Fig. 2 Ideal process of an adsorption aggregate

In the pressure-temperature diagram in FIG. 2, A-B-D-F-A represents a combined cycle of desorption and adsorption
processes. Beginning at point A, the adsorbent is at low temperature T g and low pressurepe. A — B presents the heating
of the adsorbent with a constant concentration as the pressure increases. The progressive heating of the adsorbent from
B to D causes the desorption, which is marked as a whole (C) B — D. The adsorptive condenses B — C. When the
adsorbent has reached its highest possible temperature, the desorption process ceases. Now the state of the poor
concentration is reached (point D). Cooling water is now added to the water vessel. The temperature of the adsorbent
decreases from Tp to Tr. This causes the system pressure to decrease from pc to pe. When the adsorbent is further
cooled from Tr to Tag, adsorption and evaporation begin. Cold is generated during this period. Methanol is adsorbed by
activated carbon. During this period, heat is released to cooling water, both to reduce the temperature of the adsorbent
and to lead away the heat of adsorption.

The solar hot water and refrigerating supply system operates daily in two phases.

During the day, the solar energy is collected by the collector to water in the vessel. This increases the temperature of
the sorber. When the temperature of the adsorbent has risen to Tg, the desorption begins. With the continued heating of
the adsorbent, the refrigerant is further desorbed until the greatest possible temperature Ty is reached. At the same time,
the desorbed refrigerant in the condenser is cooled and liquefied. It flows into the collector. In this phase, the throttle
valve is still closed. So, we get hot water and liquid methanol in the collector.

During the night, the hot water is drained or temporarily stored in an additional water vessel. It can also be used in the
house. Cooling water is added to the vessel. This cools the sorberquickly, so that the adsorption - evaporation phase is
initiated. The adsorbent temperature decreases from Tp to Tr. The pressure drops to at least pe. After opening the
throttle valve, the liquid methanol flows from the collector into the evaporator and evaporates there. During this
process, the water is cooled into the cold box. Ice is produced.

I1l. CALCULATION OF THE SYSTEM

The phases described above during the day and at night, i.e. the complete 24h cycle, are treated separately.
3.1 Calculation of the day phase
3.1.1 Accounting
The collector absorbs the solar irradiation, which warms up water. Finally, the desorption process is initiated and
methanol vapour is released from the activated carbon. Therefore, the energy balance equation for the system in the day
phase could be set as follows:

Qu = Qw * Qp total 1

where: Qy — total heat absorbed, from the collector
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Qw — Heat for water heating, from T,,; = Tambient to Ty, = Tp
Qb.tota— total desorption heat.
If the actual conditions are taken into account, the heat loss Qs is still to be applied by the heat insulation layer of the
hot water vessel and the heat Q,, to be applied to the materials of pipes and vessels for heating ambient temperature to
Twe. Thus, the equation is:

QH = QW + QD,total + Qloss + Qm (2)

The determination of the two last-mentioned heats is not complicated because the corresponding parameters of the
heat-insulating and production material are known.

Qm = mmcpm(TWZ - Twl) = mmcpm(TD - Tambient) (3)

The heat loss Q,uss is negligible. It can also be calculated by considering the dimensions and thermal conductivity of the
insulating layer. The heat for heating the water is:

QW = mWCpW(TWZ - Twl) = mepW(TD - Tambient) (4)

The main problem is the determination of the total desorption heat. It is a challenging, complicated task to determine
adsorption enthalpies. The known equations for the adsorption equilibria are not generally valid, i. e. in relation to the
material combinations, as well as the pressure, temperature or concentration range, can only applicable with restrictions.
In a further step, partial adsorption enthalpies can be derived from the temperature dependence of the equilibrium
pressures or concentrations at constant concentration.

In the literature, only a few values can be found for the mass pairing of methanol/ activated carbon. We can’t carry out
our own measurements on the sorption behavior of methanol and activated carbon. Therefore, results from China [6, 7]
with benzenes and activated carbon as adsorbents are used.

lue f Conversion for methanol

Value for benzene T, =30 °C

Concentration Xs Pressure ps Concentration Xu Pressure pm
[ka/kg] [Pa] [ka/kg] [Pa]
0.15 133 0.134 3198
0.20 333 0.182 4789
0.22 467 0.195 5553
0.25 1066 0.226 7993
0.26 1333 0.230 8819
0.28 2666 0.253 11700
0.30 7599 0.266 18980

Tab. 1 Compilation of values for isothermal adsorption [7]

3.1.2. Determination of methanol mass

The vapour methanol is liquefied by the condenser and stored in the receiver. When the pressure in the system
decreases to the evaporation pressure pE, the liquid methanol mass my, is evaporated in the evaporator and the total
cold Q.14 is generated. The energy balance equation for the evaporator can be set as follows:

Qcold = QO + Qcm + Qloss,l (5)

Where: Qq is the useful cold, which according to the required cold stress in the cold box can be calculated. For example,
if you want to produce ice in the cold box, the refrigeration capacity can be calculated according to the following
equation

QO = miCpW(Tambient - 273) + milw + rnicpi(273 - TO) (6)
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With:  m; — Mass of water in coldbox[kg]
I~ specific enthalpy of fusion (specific melting) of water [kJ/kg]
C,i — specific heat capacity of ice[kJ/kgK]
To — mean (medium) temperature in cold box [K]
Qcm is the cold to cool down the liquid refrigerant from the ambient temperature T.mpient t0 the evaporation temperature
Te. This cold is as follows

Qcm = mMCpM(Tambient - TE) (7)

With:  C,, — specific heat capacity of methanol [kJ/kgK]
Qiossi1 1S the cold through the walls of the cold box (through insulation layer)

Qloss,l = 2 Qloss,i = Qloss,S + Qloss,B + Qloss,C (8)

With Qjosss, Qioss,g, Quoss.care the cold losses by side, bottom and cover.
The total cold Qoiq can also be estimated according to the following equation

Qcold = mMAhE (9)

Thereby
Ahg - the enthalpy difference by the evaporation process of methanol,
Ahg = 1120 [ki/kg]

According to Egs. 6, 7, 8 and 9, the methanol mass can be determined

_ Qo+Qioss I

My = Ahg=Cpm(T ambient—TE) (10)

3.1.3 Determination of activated carbon mass

Using the isothermal curve for methanol, we can determine the required mass of activated carbon mac. This must be
able to absorb the necessary methanol mass my as refrigerant under evaporator pressure pg and at the adsorption
temperature T ag.

The related pressure of the methanol is fixed with the evaporation temperature Te. The concentration X can then be
determined from the adsorption temperature Tag Of the isotherm curve. The concentration X can be used to calculate
the required activated carbon.

Mpc == (11)
3.1.4 Determination of total desorption heat
The solar energy is transferred to the hot water in the collector. The total desorption heat Qp waCOnsists of the heating

of the activated carbon Qac and the desorption heat Qp:

Qb total = Qac + Qp (12)
It applies

Qac = MacCpac(Tp — Taq) (13)

Coac = 0.9 kd/kgK - specific heat capacity of activated carbon

Qp = MyCom(Tp — Taq) + hpmycAX (14)
In which

AX — Concentration changes of methanol by the desorption

AX =X = X, (15)

while: X, —rich concentrator at Tag
Xy — poor concentrator at Tp
The concentration at any temperature can be determined according to the Polany-Dininine relationship as follows [8, 6]
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X = X,exp {—D [Tln (p;;s)r} (16)

In which

pwm.s— Saturation pressure of the methanol

D - structural constant of activated carbon. It is determined by experimentally and by the Polany - Dininine
equation. According to Gao and Chen, [7] the activated charcoal produced from coconut has better adsorption
properties than those derived from other materials. Unfortunately, this is not available in Vietham. Therefore, three
kinds of activated carbon from China, namely CHK-3, CJK-2 and ZX15 were used. The structural constants are given
in Tab. 2 [6].

Activated charcoal type Structural constant, D
CHK-3 1.166 x 10°
CJK-2 8.46 x 107
ZX15 8.9x107

Tab. 2 Structural constants of the three activated carbon types

Com — specific heat capacity of methanol Cyy = 2.6 [kJ/kgK]
hp - desorption enthalpy, which is determined by equation (16) [8]. It depends on temperature and the pressure
ratio
hp = RT |npﬂ (17)

S

3.2 Calculation of the night phase
3.2.1 Energy balance in the water vessel

At night, hot water in the water vessel is replaced by cooling water to produce the adsorption process. Inlet
temperature T,z is normally a little below the ambient temperature. The heat from the adsorbent is transferred to the
water in the tank through the heat transfer surface in the adsorber. This reduces the temperature of the active carbon
from Tp to Twg (cooling water temperature after the adsorption process). When the temperature in sorber reaches T, the
adsorption begins, the total adsorption heat Qagqtai0f adsorbent is delivered to cooling water by the adsorption process.

With the heat supply Q.w from the adsorption process, the cooling water temperature is increased from T,z to
Twa. The energy balance equation is:

Qew = Qad,total + QN (18)
With
Qmn — The heat that cools down the tubing and container manufacturing material from the desorption
temperature Tp to T, For the design, the amount of cooling water must be calculated so that the temperature T,

becomes as small as possible since the adsorption process is better at a lower temperature.

Qm,N = mmcpm(TD - Tw4) = mmcpm(TD - Tambient) (19)
Qaa.ota— The total adsorption heat obtained can be determined by the following equation.
Qad total = Qac + Qaq (20)

In which

Qac — The heat removal for activated carbon from temperature Tp to temperature Ta = Tampient

Qac = MacCpac(Tp — Taa) = MacCpac(Tp — Tambient) (21)
Qag — The heat of adsorption, which can be determined by the following equation
Qad = MyAhag (22)
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In theory, it is assumed that the adsorption process is a reversible process. Therefore, the adsorption enthalpy
Ahpg is equal to the desorption enthalpy Ahp

Ahyy = Ahp = 1120[kJ/Kkg] (23)
Thus, the heat balance equation is:
mCWCpW(Tw4 - Tw3) = mMAhAd + mmcpm(TD - Tw4) (24)

With mqy - the necessary amount of cooling water required for the adsorption process is consumed, so that the
heat supply in the process removes.
3.2.2 Heat capacity ratio of the adsorption aggregate and the efficiency of the system

Base on the refrigerating capacity, the Coefficient of Performanceof adsorption aggregates can be determined
by the following equation:

COP = Q = Qcold=Qem (25)
. Qp Qp
3.3 Calculation of the other components in the system

3.3.1 Condenser
The heat removal in the condenser ensures the cooling of the superheated methane vapour, the liquefaction
and a certain subcooling.
Qc = myry + MyCpon(Tp — Te) (26)
Where ry - specific condensation enthalpy [kJ/kg]
The condenser is made in practice from copper tubes. It works with air as cooling.
Determination of the heat transfer coefficients k¢ of the condenser
From experiments: kc =5 ... 10 [W/m2K] [9] or
According to equation:Q¢ = KcAc(Te — Tambient) (27)
A - total heat exchange surface of condenser [m?]
And vice versa we can also calculate Ac if we have the condensation heat
o o —— (28)
kc(Tc—Tampient)
3.3.2 Evaporator
Evaporator is made of stainless steel. The cold Q, through the evaporator can be determined according to the
following equation:
Qo = kgAp(To — Tg) (29)
With  Ag - total heat exchange surface of the evaporator [m?]
Ky — heat transfer coefficient of the evaporator [W/m?K]
To — medium temperature in cold box [K]
Ty - evaporator temperature of methanol [K]
Heat transfer coefficients can be determined by conductor heat and convection.
3.3.3 Collector
The temperature of the hot water in the vessel should be from 85 to 95°C to perform safely the desorption
process. Therefore, a tube collector should be used. The experiments were mostly carried out with natural circulation.

IV.PRODUCTION AND CONSTRUCTION OF SYSTEM

The experimental system of a solar hot water and refrigeration supply was built based on the principle circuit
diagram (Fig. 1). All components of the system were made and assembled in our workshop at The University of
Danang.

The system has been designed and manufactured with two modules, a tube collector and an adsorption
refrigeration unit with water vessel to make it easier and safer to transport. The two modules can be connected quickly
and easily.
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In order to be able to test the adsorption refrigeration unit under laboratory conditions, an electric heating
system was installed in the water vessel. Nevertheless, the adsorption refrigeration unit works better when it is
connected to a tube collector. Since the sorption processes are slow and the system still has a circulation of the water,
the heat transfer between adsorbent and hot water will be better.

4.1 Water vessel with Sorber

Water containers and sorbers are made of stainless steel. The most important part of the adsorption
refrigeration unit is the sorber, which is located in the water vessel, consisting of a total of 172 stainless steel pipes with
a diameter of 13 mm and two tube sheets (Fig. 3)

Fig. 3 Structure of the water vessel with sorber

4.2 Assembly

The condenser consists of vertical copper tubes with an outer diameter of 13 mm. During the desorption phase,
methane vapours flow into the condenser from above and release heat into the air. Liquid is formed. This liquid
methanol enters the collector by gravitational force.

Evaporator and receiver consist of thin stainless-steel plates and have been welded in argon ambient.

When designing the evaporator and receiver, it should be noted that the total volume of liquid methanol is
received. In our test system, 5 liters of methanol were filled.

After production, all components of the adsorption refrigeration aggregate were assembled (Fig. 4)

Cooling water inlet Hot water vessel
Vacuum pressure gauge By
Temperature gauge = . Condenser

Hot water outlet from collector

Hot water outlet

Temperature gauge
Evaporator

Fig. 4 Construction of a solar hot water and refrigeration supply system

Although the assembly of the experimental system is not complicated, it should be noted that the system
operates under vacuum pressure. Therefore, all connections between the parts must be tight. This is very important as
the system will not reach low temperatures.|If there is any leak, the pressure will slowly increase as a result of external
air intake.
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In the experiment, the desorption process of activated carbon is initiated at 9:00 am in summer and ceases at
around 4:30 pm. Then the adsorption process starts from 5.30 pm until 3.00 am next day.

wommem Water  wewwsw COndensation  we= Evaporation
110

! L
i 30 4

7 8 9101112131415 1617181920 212223241 2 3 4 5 6 7
Time of day

Fig. 5 Temperature curves in experimental system

Fig. 5 shows the experimentally determined temporal temperature curves of hot water, condensation and
evaporation. It can be seen that the hot water temperature can reach a maximum value of about 95°C. By the value of
the evaporation temperature, it should be noted that the corresponding temperature sensor was placed on the inside wall
of the cold box. With this arrangement, minimum temperatures around -10°C are measured.

b - “r
[ =t Dy - =
Fig. 6 Lowest temperature achieved

The condensation temperature reaches the maximum approximately 47°C. at about 1pm and then drops
towards the ambient temperature, with the desorption of the activated carbon ceases at about 4.30 pm.The temperature
remains at ambient levelduring the adsorption phase at night.

V. CONCLUSIONS

This article explained the methods, relationships and balance sheets to calculate and apply a solar hot water
and refrigerating supply system. The task of designing an adsorption aggregate is difficult because the adsorption is
dependent on many conditions such as pressure, temperature, properties of the adsorbent and of the adsorbate and as
well as on their interactions. In practice, safety margins should be considered in order to achieve the required hot water
and cooling supply in the case of the existing simplifications and uncertainties in the calculations.
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The production as well as experimental and theoretical investigations of the solar hot water and adsorption
refrigeration system with activated carbon and methanol as a medium pair are treated.

Since the refrigeration capacity of the system depends mainly on the collector area, the amount of water and
the amount of adsorbent, the investigation has been made to improve the system performance by optimizing the
mixtures of its components.

Activated carbon and methanol are well suited for operation under the given conditions. The respective
amounts have been calculated and are to be carefully adjusted. The density of the sorption aggregate is important
because of the prevailing vacuum pressure.

The use of a solar hot water and refrigeration supply system is advantageous and favorable as it does not
require conventional energy supply nor moving parts. This system could be useful in tropical regions, where there is
plenty of sunshine, especially in places which do not have any electrical power supply.
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