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Abstract—Adsorptive cycles are well adapted to solar refrigeration. Solar ice makers (with an activated
carbon + methanol pair) are described. Their major originality lies in the assembly of solar collector and
condenser in a unique component: the collecto—condenser. A ‘siandard’ ice maker and two prototypes
were tested in actual conditions in Agadir, Morocco and this operation is described. Performances are
quite good in Agadir ; units produce more than 4 kg/m’ of ice for more than 60% of the days investigated.

INTRODUCTION

Solar cooling seems to be a very attractive application
for solar energy since more cooling is necessary when
more solar energy is available. Nevertheless, to date,
most efforts for promoting solar cooling have failed.

First efforts in the 1960s and 1970s proposed
absorption air conditioners to be powered with solar
collectors [1-3).

Other attempts concerned solar powered, desiccant
cooling systems [4). At least one 11.S. company
did commercialize such units, but currently this
alternative does not seem to be ready for major
developments.

No major technical problem was encountered and
the technical feasibility of solar air conditioners has
been proved, but economic success is unlikely in elec-
tricity or gas supplied areas. Indeed such systems,
resulting from coupling a cooling system with solar
collectors, still need auxiliary energy. Where this
energy exists, classical systems are very competitive.
The authors guess that the economic viability of solar
cooling can be reached by integrated thermal cooling
systems (which are energetically self-sufficient)
installed in remote areas where energy is expensive.

These Jatter systems include chemically reacting sys-
tems [5, 6], liquid absorption units [7-10} and adsorp-
tive units as presented herein [l 1-16}. The main
characteristics of all these latter systems are that the
(liquid or solid) absorbent, or the adsorbent, is dis-
tributed in the solar collectors and that the units per-

* Address for correspondence.

formdaily intermittent cycles. Liquid absorption units
generally includea small pump : they need some mech-
anical auxiliary energy which can be provided by
photovoltaic cells. Both adsorption and chemical
reacting systems are basically self-sufficient.

The type of solar collectors is another factor of
comparison. It depends on the level of temperature
required by the process. For example, an efficient
water—ammonia  absorption  solar refrigerator
requires a temperature of collector around 150°C.
This can be performed generally by collectors which
are either parabolic [10] or with evacuated tubes.
Adsorptive units require a temperature of collector
around 100°C. Then, they can easily be powered by
flat-plate collectors, which is an advantage.

Moreover, solid absorbents undergo a large volume
change when operating, and liquid absorption units
often need a rectification column. Solid adsorption
units are free of these inconveniences.

Several technical studies have proven good per-
formance of adsorptive solar cooling systems at the
laboratory scale [11-16]. The purpose of the present
work was to perform measurements on commer-
cialized adsorptive units in a North African climate
(latitude : 30°23'N).

SOLAR ADSORPTIVE CYCLES

Principle of solid adsorption
Adsorption is fixation of gas molecules on the sur-
face of a solid, by Van der Waals bindings. Adsorption

is reversible, exothermic. it induces no changes of solid
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volume and docs not involve any chemical reaction
(17]. When gas is a pure vapour, the equilibrium
between the adsorbed and the gaseous phasesisdivari-
anl: among the most common state variables, m, P
and 7, two of them define the state of the system, e.g.
m = n(T, P),

ant Onr
. am . om _ |
with (BT).- < { and (6P)r >0 (1}

Adsorptive refrigerating cycle

Basically, an adsorptive cycle is intermittent ; the
adsorber containing the adsorbent is alternatively
connected with a condenser and with an evaporator
(of the adsorbate). The cycle is the succession of two
periods. First, a period of heating-desorption—con-
densation at high pressure, then a period of cooling-
adsorption-evaporation at low pressure. High and
low pressures are the saturation pressures of the
adsorbate at the temperatures of, respectively, the
condenser and the evaporator. Figure | shows an ideal
cycle in the Clapeyron diagram (In P vs — 1/T).

Let us begin the cycle at point A, where the adsorber
is at low temperature T,, and low pressure P, =
P,(T,). The adsorber is heated, ideally first isolated
from any exchanger: the system follows the isoster:
m=m, = m(T,, P.). Pressure increases and when it
reaches the value P. = P,(T,), (point B), the adsorber
is connected with the condenser ideally at constant
temperature, 7. Then, isobaric desorption proceeds
while adsorbent temperature increases, up to point R,
where adsorbed mass left is m, = m(T,, P.). Con-
densed liquid amount, Am = m, —m,, is transferred

c.i
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Fig. 1. Ideal adsorptive cycle, A—-B-R—D-A, in the Clapeyron
diagram (In P vs —1/T) for the AC35+ methanol pair. In
the presented cycle, the adsorption state is:
T = 25°C— P = 4kPa (i.c. in equilibrium with an evaporator
a1 0°C), and the regeneration state is: 7= 95°C— P = 12.5
kPa (i.e. in equilibrium with a condenser at 20°C). The cycled
amount of adsorbate lies around 0.22 kilogram of methanol
per kilogram of A.C. The cycle A-B'-R-DY-A is an example
of a real cycle operating in a valveless unit.

into the evaporator (e.g. by gravity). Further on, sym-
metrically on the path ABR, the adsorber is cooled,
first isolated, from point R to point D, and then con-
nected to the evaporator (ideally at constant tem-
perature, 7.} from point D back to point A. During
this last period, the solid adsorbs the quantity of vap-
our Am from the evaporator. This evaporation
induces heat extraction, which occurs only during this
period: the refrigerating cycle is intermitient.

An ideal cycle also assumes the presence of at least
one valve for alternate connection of the adsorber
with the condenser and the evaporator. In a real unit,
the cycle is different, mainly for two reasons. First,
the adsorber may not be isolated from exchangers at
the beginning of heating (or cooling) period, then,
exchanger temperatures may change. For instance, in
a solar ice maker from which ice is removed every
moming, there is no need of any valve between con-
denser and evaporator. Then, instead of isosteric
paths AB and RD, the system follows the paths AB’
and RD’, schematicaily shown in Fig. 1. The reasons
why are explained in Appendix 1. Note that both
cycles A~-B-R-D-A and A-B-R-D’-A yield the
same cycled mass, Am, which depends only on points
A and R. An exarmnple of a real cycle is presented in
[14].

Such cycles, ideal or not, operate exclusively with
thermal energy.

Solar-powered adsorptive ice makers only comprise
an adsorber, which is the solar collector, a condenser,
mostly air-cooled, but possibly water-cooled, and an
evaporator. There are neither mechanical moving
parts nor valves.

Coefficient of performance (COP)

The COP is the ratio of heat extraction during evap-
oration to heat added to adsorber (collector) during
regeneration. Heat balances of collector and of evap-
orator are described in [13, 14].

In present experiments, solar energy incident on the
collectors and weight of produced ice are measured.
The net solar COP, COPs, is directly yielded by the
ratio of the heat extracted in order to produce the
ice actually removed to overall global solar energy
incident on the collectors during the considered day :

COPs = Q. /E.

DESCRIPTION OF THE ICE MAKERS

Principle of the experimentation in Agadir

Following conclusions of experimental study of an
ice maker prototype, performed in Orsay, and adding
a new concept of collecto—condenser, the BLM-
France company began commercializing adsorptive
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sofar ice makers using activated carbon (A.C.)+
methanol pair, in 1988, Both the French Ministére
des Affaires Etrangéres and Moroccan Ministére
de I'Education Nationale [(unded experimental
study (performed by Agadir and Orsay) of this
machine in actual conditions in Morocco. On the
other hand some modifications of standardly pro-
duced units were supposed to improve perlormance.
Then Agadir, Orsay and BLM decided that two modi-
fied units would also be tested in Agadir.

Description of the ice makers
Figure 2 presents the components of the units. They
are constructed from only two components connected

by a flexible tube.

(a) A collecto—condenser (1 m?, 90 mm thick) made
of two identical stainless steel shells. A grid holds 20
kg of A.C. in the upper shell, which plays the role of
solar collector. It is a selective surface (Maxsorb™),
single glass, flat plate collector. Internal fins improve

position of the
anti-radiative screen

Fig. 2. Schematic of BLM ice makers. Lnternal and cxternal fins are not presented. The photograph is of
{hree ice makers on the roof of a building 4t Agadir Science University.
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heat transfer between the upper face and the A.C. The
bottom shell, with external fins (7.5 m?), plays the
role of air-cooled condenser (naturai convection}. The
main originality of these units, us compared to the
split prototype ice maker studied in [12-15], is that
BLM has designed this new packaged component:
the collecto—condenser [18].

(b} Anevaporator (0.3 m %), which can be immersed
in a highly insulated, 5.2 [, water tank.

As previously mentioned, three units are being
tested in Agadir. The first one, the standard unit dis-
tributed by BLM-France contains the A.C. AC35sup-
plicd by CECA-France. It will be denoted Standard.
The second one contains a slightly different A.C., the
AC40, also supplied by CECA and which is more
activated than AC3S. According to Passos (19, 20},
this should yield better performance. This unit will be
denoted AC40. The third one contains AC35 and an
anti radiative screen (AR S) has been installed between
the adsorbent and the condenser. This device limits
radiative transfer between upper and lower shells of
the collecto-condenser, and thus improves the cap-
tation efficiency of the collector. This last unit will be
denoted ARS.

Temperatures of main cormponents of each unit and
meteorological parameters (incident solar power rate
on the collector, yielding £ by integration, and ambi-
ent tcmperature) are automatically measured by 2
data acquisition system HP3421, and recorded by a
micro-computer Apple//e.

Beside measurements, the experimental procedure
followed the instructions of use: ‘Set the machine in
a sunny place toward south, clean the glass from time
to time, fill the water tank every afternoon, remove
the produced ice every morning’. The mass and tem-
perature of filling water and of produced ice were
recorded.

The photograph shows the three ice makers
installed on the roof of a building at Agadir Science
University.

EXPERIMENTAL RESULTS

Operation of ice makers began on 25 February
1989. Measurements began on 22 May 1989. The per-
iod investigated herein ended on 17 July 1990. From
these fourtecen months, only 135 days are presented,
due to vacations, weekends, operating procedure
somelimes different than prescribed, electrical fail-
ures.... The Standard unit broke down on 24 Feb-
ruary 1990, for a reason still under study. The two
other units are still operating with the same per-
formance as in the period described herein.

Example of daily operating conditions

Figure 3 shows typical evolutions of temperatures
in the ARS unit from 6 a.m. on 22 May 10 6 2.m. on
23 May 1989. After sunrise, the A.C. is heated up
from point A 1o point B, desorbed vapour condenses
in the evaporator (coldest point}. The heat released
by condensation first melts the ice dircctly in contact
with evaporator walls, which makes the ice removal
very easy, asin [13]. After ice removal, the evaporator
temperature increases towards condenser tempera-
ture. Between point B’ and peint R, condensation
occurs, mainly in the condenser, but also in the evap-
orator. Condenser and evaporator temperatures are
close, both around 8°C above ambient temperature.
After 4 p.m,, desorption is over and the water tank is
filled. The cooling period is divided into two sub-
periods. During the first one (4 p.m.—-9 p.m.), tem-
perature of the evaporator decreases down to a valuc
lower than 0°C. The liquid water is cooled and under-
goes supercooling. In the second one (9 p.m.—-6 a.m.),
the temperature of the evaporator is roughly constant
and water freezes. The simple calculation, developed

{a)
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Fig. 3. (a) Recorded temperatures of ARS unit during 22-

23 May 1989. (b) Recorded insolation du ring 22 May 1989,

Points A, B'. R and D’ show the states corresponding to points
A. B’ R and D' in the cycle presented in Fig. i.
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Table 1. (?haraclcrislic temperalures {in "C) and mass of
produced ice (in kg/m®) for each unit on 22 May, 1989,

Table 2. Percentages of {investigated) days yielding a
prescribed daily ice production {kg/m? per day) for each

For thisday, T, = 24 Cand T, = 16°C studicd unit
Unit T, T, T. T. M, Tce
production: 0 0-1 2 13 34 45 352
Standard 4.5 875 18 —-6.3 52
AC4G 4.5 87 28 -6 52 AC40 9 4 2 10 16 20 39
ARS 28.5 99 27 —6.5 5.2 ARS 9 1 4 8 i4 20 44

in Appendix 2, shows why cooling of the A.C. slows
down during the second sub-period, and also why the
end of supercooling induces a temperature jump of
the A.C., at 9 p.m. The same behaviour was already
observed in [14]. At the end of this period, when the
whole water is frozen, the ice temperature may lie
quite below 0°C. The adsorbent temperature is still
higher than ambient temperature.

Table | shows the differences between the three
units for the day presented in Fig. 3. It shows that
Standard and AC40 operate very similarly. In
addition, their performances did not exhibit any
difference. Therefore, and also because the former
stopped operating rather early, only results of the
latter will be kept for further study. On the other
hand, ARS operates somehow differently. It will be
compared with AC40.

Measured ice production

Figure 4 presents measured daily ice productions of
AC40 and ARS, M,, as a function of daily insolation,
E. Table 2 presents the detailed proportions of
days (among investigated) yielding a prescribed ice
production.

For 40% of investigated days, every unit produces
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Fig. 4. Experimental ice production as a function of inso-
tation, for AC40 (O) and for ARS (A). One point represents
one day of operation.

5.2 kg of ice, the temperature of which lies between
—3 and —15°C. And the production lies between 4
and 5.2 kg for 20% of investigated days.

The maximal production (5.2 kg) exhibited by Fig.
4, is due to the limited volume of the water tank
(5.2 1). Considering the dispersion of points, it can be
guessed that the production could have been larger
for some days, if the water tank had permitted it.
Indeed, measurements show that when ice production
is maximal, ice is generally cooled down 1o tem-
peratures lower than necessary. This shows that heat
extraction still developed when the whole water intro-
ducedin the water tank wasfrozen. This fimiting effect
is confirmed in [21]. On another hand, this limitation
is commercially good. A customer will buy this
machine for a daily production of 5.2 kg of ice, as
claimed by the manufacturer. In Agadir this customer
will be satisfied for 40% of days, and rather satisfied
(more than 4 kg) for 20% of days. If the water tank
were larger, this satisfaction factor would be less.

The heat extraction corresponding to the pro-
duction of 5.2 kg of ice from water at 20°C lies around
2250 kJ. Figure 4 shows that such an amount of ice
can be produced with insolations lying between 18,000
and 28,000 kJ/m?. This yields a net solar COP, COPs,
lying between 0.08 and 0.12.

Figure 4 also shows that ARS has only slightly
better performance than AC40. This can be roughly
explained as follows: limitation of the heat transfer
between adsorbent and condenser improves solar cap-
1ation efficiency (7, is indeed larger [or ARS, see Table
1}, but hinders the cooling of the adsorbent (T, is also

larger for ARS). Both effects almost cancel each other.

Further comparison is performed in [211.

Points on Fig. 4 are widely dispersed, because of
meteorological conditions. A parametric study of
their influences is presented in {21].

IS THE COLLECTO-CONDENSER A GOOD
COMPONENT?

From the prcsénl study, it can now be concluded
that, as it is designed, this component is efficicnt : the
COPs of units studiced herein (0.08-0. 12) are not much
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lower than the COPs of the prototype studied in Orsay
(0.10-0.12) [14]. As mentioned above, the low value
0.08 is due 1o Lhe water tank limit. Because of values
of COPs higher than 0.10 these units are among the
most efficient solar-powered sorption (adsorption or
absorption) refrigerating machines [22].

CONCLUSIONS

Solar ice makers using solid adsorption may be
quite efficient as shown by experimentation in actual
conditions in Agadir, Morocco. Nominal production
of 5.2 kg of ice a day is obtained for 40% of days, and
a production over 4 kg for 60%. Only 10% of days
yield a zero production, The temperature of produced
ice lies between — 15 and — 5°C. The net solar COP
lies between 0.08 and 0.12. The three tested units have
roughly the same performances.
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NOMENCLATURE

COP cocfficient of performance
COPs net solar COP
£ incident solar energy on the collectors, J/m?
HS globa! heat losses coefficient of the collecto-
condenser, W/K
m  adsorbed mass, kg of methanol per kg of A.C.
r, maximal adsorbed mass, kg/kg
a1, minimal adsorbed mass, kg'kg
M; mass of produced icc, kg/m? per day
P pressure, Pa
F. pressure of the condenser (P, = P,(T.)}, Pa
pressure of the evaporator (P, = P,(T.)), Pa
adsorbate saturation pressure at 7, Pa
@, heat extraction (net), J/m?
R ideal gas constant of the adsorbate, J Tkg/K
T temperature, °C
T, adsorption temperature, °C
7. condenser temperature, °C
T, diurnal ambient temperature, °C
evaporator temperature, °C
T, nocturnal ambient temperature, °C
T, ambient temperature, °C
T, regencration temperature, *C
AH isosteric heat of adsorption (often denoted Gu),

kg
AH = —R-{d1n PIS(LIT).
Am desorbed mass during a cycle (Am = m, —nt),
kg'kg
IMC, t1otal heat capacity: collector +absorbent +

adsorbed phase, J/K

Abbreviations
A.C. activated carbon
AC40  ice maker working with the AC40+ methanol pair
ARS anti-radiative screen
ARS ice maker equipped with ARS
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APPENDIX 1

When the system is in state A, an increase in adsorbent
temperature tends to increase pressure. I the adsorber is still
connected to the evaporator, vapor will be desorbed and
condensed in the evaporator. In a refrigerator, heat release
in the evaporator must absolutely be prevented. Then the
adsorber must be isolated, e.g. with a valve. Conversely, for
an ice maker, once ice is removed, it does not matter whether
condensation occurs in the evaporator, and heats it from
roughly 0°C up to condenser temperature: there is no need
for a valve. Then, the cycle will not be the ideal cycle A—B—
R—D-A described in Fig. I. Indeed, the amount of adsorbate
that condenses in the evaporator for heating itis obviously
desorbed, then the system does not follow the isosteric path
AB, but a path AB’, schematically shown in Fig. 1. Sym-
metrically, at the beginning of cooling period, the evaporator
is at the same temperature as the condenser (around ambient
temperature}. While the adsorber cools down, the evaporator
is progressively cooled by evaporation down 1o freezing tem-
perature. Then the system does not follow the isosteric path
AD, but a path AD’, schematically shown in Fig. L.

ive sotar-powered icc makers—!

13

Morcover, ambient temperature is not constan! and con-
denser arca is finite. Then, condenscr temperature is not
constant, and desorption is not isobaric. After point D',
cvaporalion pressure is more likely to be constant: while the
waler freezes, the evaporator lemperature remains roughly
constant.

APPENDIX 2

Let us consider the cooling of the collecto-condenser,
assuming its lemperature is homogencous. The collecto-con-
denser is cooled by natural convection, and as it is connected
with the evaporator, the A.C. adsorbs methanol. Then the
heat balance is written:

dT dm
():MCP)'E—M N AH= —HS-(T-T,)

as dmt = (dmj@T)p- AT+ (AmICP)y -dP; and dP =P/
dT)-dT,;eq. {Al) transforms in:

[(ZMC,,) -M- (@) 'AH]'% = - HS-(T—-T)

{Al)

aT Je

om dP dT7,
N i I il P . 3

As (dmjoT)p is negative and AH positive, the factor of
dT/dt in Lhs. is positive. And, as (#mjéP)y and (dPJAT)
are positive, the factor of dT./dt in r.hs. is positive t0o.
Then dT/ds is an increasing function of d7./dr and d7/dsis
negative when dT./ds vanishes {the first lerm of r.hs. is
negative). This simply explains why the temperature decrease
of the collecto—condenser is slower when water {reezes (T,
roughly constant) than before (T, decreasing). On another
hand, when supercooling takes end, there is a short but rapid
increase in T,: dT./dr is positive. Equation (A2) shows that
if dT./d1 is large enough, dT/di can be positive 100, S
exhibited in measurements (Fig. 3).



+



Renewable Energy Yol. 2. Ne. 1.pp. 15-21. 1992
Printed in Great Britain.

(960-1481/92  §5.00+ 00
Porgamon Press Lid

EXPERIMENTAL STUDY OF ADSORPTIVE SOLAR-
POWERED ICE MAKERS IN AGADIR (MOROCCO)—2.
INFLUENCES OF METEOROLOGICAL PARAMETERS

A. BOUBAKRIL* M. ARSALANE,* B. Yous,* L. ALI-MoOUSSA,* M. Powns,ti
F. Meuniert and J. J. GUILLEMINOTY

* Faculté des Sciences. BP 28/S, Agadir, Morocco:
t CNRS-LIMSI, BP 133, 91403 Orsay Cedex, France

(Received 30 April 1991 accepted 10 October 1991)

Abstract—Performances of the solar powered ice-makers tested in Agadir, Morocco. as described in [1].

are studied. Experimental data are sufficient t
and meleorological parameters: insolation,

or establi

shing a statistical
diurnal and noctumal temperatures. The influences of these

correlation between heat exiraction

paramelers are also evaluated through operation analysis. Both approaches arerather consistent. Nocturnal

{emperature appears 1o be a quite important

production. Meteorologica! conditions for producing either just no ice
Agadir. the

well as an evaluation of yearly production: in

factor. Indeed, cold nights (around 10°C) largely increase

4t all or 5.2 kg. are invesligated, 2s
average daily production lies around 4 kg/m’.

With a nocturnal cooling system, the units would produce around 1 kg more. From the economic point
too expensive, but solarization of a pre-existing cold

of view, small units such as those tested herein are
store in isolated areas looks competitive.

INTRODUCTION

Solid adsorption can be efficiently used for solar
refrigeration. Three adsorptive solar powered ice
makers are sited in Agadir, Morocco. They are made
of only two components: the collecto—condenser and
the evaporator. They operate with an activated carbon
(A.C.)+ methanol pair. The first unit is denoted Stan-
dard, with the A.C. denoted AC35. The second one is
denoted AC40, with the A.C. denoted AC40. And the
third one, denoted ARS, operates with AC35 and is
equipped with an Anti-Radiative Screen (ARS) that
limits heat transfer between thu adsorbent and the
condenser [1].

Reference [1] presents these units, and their per-
formances in terms of ice production. The purpose of
the present study is to investigate their performances
in terms of heat extraction, and to correlate them
to insolation, diurnal and nocturnal temperatures. A
detailed impact of the ARS will also be studied.

ANALYSIS OF HEAT EXTRACTION

Evaluation of heat extraction from the measurements
The water introduced in the water tank, M,,, under-
goes a temperature decrease, AT, If it reaches frecz-
ing temperature, some ice is produced, M;. When the
whole water is frozen (M; = M..), the ice may undergo

+ Address for correspondence.

a temperature decrease AT;. The net heat extraction,
Q., can easily be deduced {from measurements of M,
AT,., M; and AT;. Therefore, Q. willbe considered as
the measured heat extraction

Q: = Mw' pr'ATw+LF'Mi+Mi‘ Cpi'ATi' (l)

Figure | presents Q. vs E for the 135 investigated
days and for the ARS unit. For a better under-
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Fig. 1. Heat extraction for the 135 investigated days and
for the ARS unit as a function of insolation. O: points
undergoing the Water Tank Limit effect; [ : points under-
going the First Changing Day effect; @ poinis kept for
statistical study ; A : poinis with enlarged water lank.
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standing, we have scparated the poinis in differenmt
groups. Except for those points denoted A, which will
be explained later on, Fig. | shows many points with
Q. lying between 2200 and 2400 kJ/m?, denoted O.
As explained in [1], for these days, the whole water
introduced in the water tank was frozen. The limited
volume of the water tank induces a limited ice pro-
duction. In addition, it induces a limited heat ex-
traction. Indeed, in such conditions, one has:
M, =M, =52kg, and AT, # 0. Thus, at the end of
evaporation, T, decreases (for instance, this occurred
on the day presented in Fig. 3in [1]). Individual influ-
ences of characteristic temperatures are described in
the Appendix. (6Q./dT,) is positive, then @, is lower
than what it could have been: the limited volume of
the water tank affects performance. This effect will be
denoted as the Water Tank Limit (WTL).

The non-periodicity of meteorological conditions
induces another effect. For instance, during a poorly
insolated day following a sunny day, operating con-
ditions are absolutely not cyclic. Of course, this affects
performance. The few days concerned (denoted ] in
Fig. 1) by this effect will be denoted by First Changing
Day (FCD). Consequences of WTL and FCD effects
will be discussed later on.

The remaining points, denoted @ in Fig. 1, still
present a wide dispersion. A parametrical study will
be performed with only latter points.

PARAMETRICAL STUDY

Before studying on meteorological influences, the
number of investigated parameters must be fixed. Let
us begin from the description of the cycle [1}. It is
clear and well known that heat extraction depends on
the four temperatures, T,, T,, T, and T, (see also the
Appendix). According to the measurements per-
formed in Agadir, T, is almost constant when there is
no WTL (between — 5 and 0°C), and does not depend
on meteorological conditions. This was expected
because T, mainly depends on the ice melting point.
Therefore, Q. depends on the three other tem-
peratures and parametric study will be performed with
three parameters. Of course insolation and ambient
temperature are involved. Probably so are wind con-
ditions, but the complete lack of experimental data on
wind velocily prevented investigation of its influence,
Moreover, alternating day-night is well represented
by two values of ambient temperature. As points R
and A (see Figs | and 3 in [1]) are the most important
in the cycle, we have considered ambient temperature

T Figure 1 presents the performance of ARS. As shown in
Fig. 4 in [1]. results for AC40 are very similar.

values at about 4 p.m. (when desorption ends),
denoted by the diurnal temperature, Ty, and at sunrise
(around 6 a.m.), denoted by the nocturnal tempera-
ture, 7,. The correlation between @, E, Ty and T,
can now be studied.

Correlated between heat extraction and meteorological

paranieters )
We kept the points satisfying the two following

conditions :

() @, < 2200 kJ/m? (i.e. no WTL),
(ii) difference of insolation between the considered
day and the day before, lower than 7500 kJ/m?

{i.e. not a FCD).

Then a linear correlation between Q., E, Ty and T,
is calculated from these points by the least square
method. It results in:

O, = 1000+0.095£~187,—53T,, for AC40, (2)
Q. = 1600+0.085E—18.5T,—67T,, for ARS, (3)

(with £and @, inkJ/m?, Tyand T, in °C).

Figure 2 presents comparison of experimental Q.
and values czleulated with eqs (2) and (3), respec-
tively. Some dispersion remains, that might be due to
wind conditions, but is much less than in Fig. | : the
agreemnent is satisfactory. ’

Discussion of coefficients

(a) Influence of insolation : (§Q,/0E). This coefficient
can be interpreted as an average marginal COPs. For
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the days investigated in this section, experimental
COPs lics between 0.06 and 0.11. This is quite con-
sistent with statistical vatues of (0Q./2E) in egs (2)
and (3): 0.095 for AC40, and 0.085 lor ARS.

(b) Influence of diurnal temperature (0Q.JOT ). In
a first approximation, itcan be assumed that when Ty
changes (and only Ta). T: and T, will vary in equal
quantity. The Appendix permits the evaluation of
(802./8Ta). yielding —13 kJ/m*K for AC40, and
—14.6for ARS. These values are rather in good agree-
ment with statistical values in egs (2) and (3): —18
and — 18.5, respectively.

(¢c) Influence of nocturnal temperature . (6Q./dT,).
A direct correlation between T, and T, as previously
between Ty, T, and T, is not correct. Indeed, T, also
depends on E (via 7)) and on Q. {because the heat of
adsorption slows down the cooling of the adsorbent,
see Appendix 2 of [1]). Another linear correlation,

4

is established from experimental data with the least
squares method. It yields:

T, = 220x 107 E+2.11 x 107°Q,

+0.86T,+146 for the AC40 (5)
T, = 67x 107 E+527x 107°Q,

+1.60T,+103 for the ARS (6)

T.—a-E+b-Q.+c T, +d

(with Eand Q. in xJ/m?, T, and T, in °C).

In this case, 7, is the only characteristic tempera-
ture, heat extraction depends on: T, obviously does
not influence 7, and T, and, as previously mentioned,
T, does not change. Then, derivating eq. (4) yields:

20. 30.
Q. = (%)"”‘ = (a‘%)
Ja-dE+b-dQ 4+ dT). (D

where (80./0T,) is the marginal influence of 7, on
heat extraction, as defined in the Appendix. By resort-
ing terms in dQ.,and with dE = 0, eq. (7) yields:

®

(22

(ag,) “\oT.
i) = (90
-o(%)
With values of (2Q./8T,) extracted from the Appen-
dix, eq. (8) yields the following values of (7Q./9T,):
—113 and —76 kJ/m?/K, for AC40 and for ARS,
respectively. For ARS, the agreement with the stat-

istical value (—67) is quite good- The discrepancy
for ACA0 (statistical value = — 53) can be due to an

inaccurate equation of state, or Lo another effect not
accounted for in this interpretation. This point is still
under study.

Anyway, the influence of nocturnal ambient tem-
perature is much more significant (at least three times)
than for the diurnal temperature.

First Changing Day effect

Few such days were collected: four first bad days
and six first sunny days (denoted [ in Fig. 1), and
conclusions are not easily drawn. Comparing mea-
sured and calculated (with eqs (2) and (3)) values of
heat extraction yields an extra heat extraction lying
between 300 and 500 kJ/m? for three first bad days
and a difference lower than 200 ki/m? for the other
days. Thus it seems that first bad days have a betler
performance than they should. This can be explained
a5 follows. In normal operation in a sequence of sunny
days, adsorption temperature, T,, is 8-12°C higher
than ambient temperature, T,. At the end of the first
bad day, T, is lower than the day before. This decrease
in T, induces an extra heat extraction (see Table 1 in
the Appendix), which occurs only because it is the
first bad day. The difference between T, and T, which
exists in normal operation, acts as a cold storage,
which is consumed during the first bad days. This cold
storage is probably restored during sunny days. We
expected first sunny days to have lower heat extraction
than evaluated with eqs (2) and (3}, but did not find
it out. The cold storage is probably not restored in
one sunny day but in several.

This effect was mentioned in a study by simulation
(2], but has not yet been pointed out experimentally.

Water Tank Limit effect

We formerly said that the accumulation of points
with O, lying between 2200 and 2400 kJ/m®, when
insolation lies between 20,000 and 30,000 k¥/m? (see
Fig. 1), is due to the water tank limit. For ascertaining
this point, in May 1990, some experiments were per-
formed with an enlarged water tank (9.5 1) for unit
ARS. Corresponding points are denoted A in Fig. 1.
They show that heat extraction can exceed 2500
kJ/m?. Our interpretation (heat extraction limited by
water tank volume) is correct.

Comparison of these latter points with values cal-
culated with eq. {3) does not yield a difference greater
than dispersion on other points (sec Fig. 2, points
denoted A). Extrapolation of eqs (2) and (3) is then
expected to be valid.

CUT-OFF LIMIT

The statistical correlations, eqs (2) and (3), yield
some answers to the user's question: in which con-
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Table I. Average values of 7, T.. T. and T,, and individual marginal inﬂuena:§ of T,‘,.
T.. T, and T, on heat extraction (in kilojoule per kilogram of A.C.)} lor each studied unit

Unit T T, T. T.

042/0T, 0q2[0T, 0gt[eT. dq2(aT.

AC40 81.7 23.6 335 —4.2
ARS 89.6 27 325 -56

5.43 —~9.14 -6.08 9.74
4.42 —6.28 -5.15 6.93

ditions do these units produce no ice at all, and when
is nominal production (5.2 kg) achieved?

In order to define the quantity no ice at all, we have
assumed a systemalical (e.g. automatic) filling of the
water tank, pouring 5.2 1 of water in it. The sensible
heat released by this quantity between ambient and
freezing temperatures is 500 kJ. In such conditions, a
heat extraction of 500 kJ/m? will produce no ice (note
that 500 kJ are enough for freezing 1 kg of water).

It was mentioned in [i] that production of 5.2 kg
of ice corresponds to a heat extraction of 2250 kJ/m?2.

Let us now introduce two cut-off values of
insolation. E, is the threshold insolation, below which
noiceis produced (Q, = 500 kJ/m?). £, is the minimal
insolation for nominal ice production of 5.2 kg
(Q. = 2250 kI/m?). Actually, E, and £ s are not
values, but functions of T, and T4, according to eqs
(2) and (3).

Remember that in places in Morocco fike Rabat,
Marrakech or Agadir, daily insolation, E, lies between
20,000 and 30,000 kJ/m? for 62-73% of days, and
that 2000 and 30,000 kJ/m? are lower and upper limits
of E. The dependance of E, and Eson Tyand T,,
mainly on T,, will be investigated with prescribed
values of (Ty—T,) : low values of (T, —T,) are sche-
matic of tropical climates, high values correspond to
desertic (Saharan) climates. In Agadir, the average
value of (T, —7,) is 8°C, and climate is rather tem-
perate : Agadir is situated on the Atlantic Coast.

Figure 3 presents the functions Eyand Esvs T, ;
with (T,—7,) =0 and 16°C. It appears that there is
no large difference between the studied units, and
between the climates: nocturnal temperature is a
major factor. When nights are cold {T, = 10°C), some
ice is produced even with very low insolation
(Ey < 5000 kJ/m?), and as soon as insolation exceeds
20,000 kJ/m*, 5.2 kg of ice are produced. When nights
are warm (T, ~ 30°C), insolation must exceed 20,000
kJ/m? in order 10 produce some ice, and nominal
production can never be achieved.

These conclusions are quite important for devel-
opment of this technology. In Agadir, the average
value of T, is 17°C, which leads (o good per-
formances: more than 4 kg of ice per day and per
square meter for 60% of days. Performances will not
be as good in climates with warmer nights. On the
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Fig. 3. Meteorological conditions for a zero (£,) and for

4 nominal (£,) production. Full line: ARS unit, dashed

line: AC40 unit, 0: T,—T, = 0°C (tropical climate), *:
T;—T, = 16°C (desert climate).

other hand, in cold night climates, they will be excel-
lent,

Nocturnal temperature is an important factor for
these ice makers. This point can be explained by the
characteristics of the adsorptive pair. For the
A.C.+methanol pair, the performance of the cycle is
strongly dependent on the adsorption temperature 7,,
see [3] and Table 1. With another pair, e.g. zeolite +
water, the units will not behave in the same way.
Besides, serious improvement can be achieved by
means of a nocturnal cooling system. The presently
studied units have no nocturnal cooling system, unlike
the prototype studied in Orsay [4-7], where dampers
could be open during nights: then air could flow
between collector and glass. When operating, this Sys-
tem yiclded a value of 7, reduced by 4°C. According
lo Table 1 in the Appendix, this would yield an extra
cold production of about 730 kJ/in? (1.5kg of ice) for
AC40, and about 500 kJ/m? (1 kg of ice) for ARS.

IMPACT OF ANTI-RADIATIVE SCREEN

It was mentioned in [1] that the ARS has only
minimal influcnce on ice production. According to
statistical corretations, eqs (2) and (3), the ARS
improves the average performance by 120 kJ/m?.
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From Table ] in the Appendix, the reason why this
device does not change petformance can be developed.
On one hand, regeneration is improved : regeneration
temperature is increased because of belter captation
efficiency (reduced rear losses) and condenser tem-
perature is lower because of reduced heat transfer
from adsorbent to condenser. On the other hand,
adsorption is hindered. Indeed, adsorption tem-
perature is higher, mainly for two reasons: initial
temperature before cooling, T, is larger, and in
addition the cooling rate is reduced (reduced rear
losses). These two competing effects nearly cancel,
The finally slightly better performance of ARS is also
confirmed by the lower average value of 7. (But as
mentioned about the WTL effect, lower value of T,
reduces the improvement due to ARS.) The improve-
ment due to ARS, as evaluated in the Appendix, is
180 kJ/m?, which is rather consistent with the stat-
istical value (120).

In addition, the ARS unit seems to have a stronger
sensitivity on 7T,. This point appears very clearly on
Fig. 3. With a rather low T, {e.g T,=15 Ty=123,
E = 7500), the ARS unit produces 1 kg of ice when
AC40 just chills the water. For such days, the
improvement of captation efficiency has unbalanced
positive consequences on performance.

The ARS would bring maximal improvements in
units equipped with a nocturnal cooling system, and
with a consequently enlarged water-tank.

ECONOMIC EVALUATION

Evaluation of yearly ice production

From 22 May 1989 to 17 July 1990, full exper-
imentation was not performed every day, but
meteorological parameters were recorded. Then, from
E, T, and T,, Q. can be evaluated with help of egs (2)
and (3). Ice production, M;, is then deduced from
eq. (1), where AT, =0, AT, = 20 and M, = 5.2 kg
(systematic filling of the water tank). M; must lie
between 0 and 5.2 kg. Figure 4 presents the monthly
averaged M;, and the proportions, within each month,
of days yielding M, either zero, less than 3 kg, between
3 and 5 kg, or more than 5 kg. Seasonal variations
appear quite well. Production is maximal in April,
because of sunny days and cold nights, and minimal
in September, because of cloudy days. Production
is better from January to June than from July to
December.

The average daily production lies around 4 kg/m?
which yields a yearly total production of about 1500
kg/m?.

e
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Fig. 4. Curve: evaluation of monthly averaged daily ice

production, with help of egs (2) and (3) and with metcoro-

Jogical data in Agadir. Histogram: proportion of days, in

each month, yielding a prescribed ice production: (zero), (0-

3), (3-5), (over 5 kg). Summation of daily ice production

yields following total yearly production: 1410 kg/m? for
AC40, and 1580 for ARS.

Economic evaluation

In isolated areas, e.g. in Senegal (Africa), ice may
cost around 0.2 U.S.$/kg, mainly because of trans-
portation. Assuming 5 years as a reasonable pay back
period, such units should cost less than 1500
U.S.$/m?, including transportation. Small units like
those described herein were produced in France at a
cost of around 2000 U.S.$/m?, not including trans-
portation. This is too expensive. However, con-
sidering now solarization of a pre-existing cold store,
the overcost mainly concerns the collecto-condensers.
As they can be produced for less than 1000 U.S.5/m?,
such a solution looks competitive.

CONCLUSION

Experimental study of the three units lested in real
conditions in Agadir allows us 1o draw some con-
clusions.
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For more than 60% of investigated days, cach unit
produces more than 4 kg ol ice per square meler.
The yearly averaged production lies around 4 kg/m?.
Neither an alternative A.C., the AC40, nor the
implementation of an anti-radiative screen improves
average performance, although the latter modifies
operating conditions.

Meteorological parameters have been investigated.
The net solar COP lies between 0.08 and 0.12. Noc-
turpal ambient temperature is a very important fac-
tor: when its exceeds 23°C the units cannot produce
the nominal quantity of ice (5.2 kg), and when it
exceeds 30°C, production is very low.

The collecto~condenser is a good concept, but some
improvements could be performed. Collecto—con-
densers equipped with an anti-radiative screen and
with a nocturnal cooling system, would produce daily
at least 1 kg/m? more.

Economic viability of small units such as those
tested in Agadir, is unlikely, but solarization of exist-
ing refrigeration systems in isolated areas looks com-
petitive.

Statistical correlations are established from exper-
imental data. They represent the units behaviour.
With them, heat extraction of those units in other
climates can be predicted very easily. To this end,
necessary meteorological data are: daily insolation,
diurnal temperature-(around 4 p.m.) and nocturnal
temperature (around 6 a.m.).
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NOMENCLATURE

COP coefficient of performance
Cu  specific heat of ice, J/kg/K
Co  specific heat of liquid absorbate, J/kg/K
Cew  specific heat of liquid water, J/kg/K
E incident solar energy on the collectors, Jim?
Ey(Es) values of E for production of “no ice™ (5.2 kg of
ice)
£’ parameter of Dubinin—-Astakhov equation, kJ/kg
L latent heat of evaporation of adsorbate, J/kg
L=—R-[dInPfd1/T)]
L; latent heat of fusion of ice, Jkg
m  adsorbed mass, kg of methanol per kg of A.C.
m, maximal adsorbed mass, kg/kg
m, minimal adsorbed mass, kg/kg .
M mass of adsorbent in the adsorber (collector).
kg/m?
M; daily preduction of ice, kg/m?
M. mass of water introduced in the water tank, kg/m?

n exponent of Dubinin-Astakhov equation
P pressure, Pa
P, pressure of the condenser (P, = P,(T,)),. Pa
P, pressure of the evaporator (P, = P.(T,)), Pa
P(T} saturation pressure of the adsorbate at 7', Pa
¢ heat extraction per kg of A.C. {(gross), Jfkg
Q. heat extraction (net), J/m?
R ideal gasconstant of the adsorbate, J/kg/K
T temperature, °C
T, adsorption temperature, °C
T, condenser temperature, "C
T4 diuwrnal ambient temperature, “C
T, evaporator lemperature, °C
7. nocturnal ambient temperature, °C
T, regeneration temperature, °C
W, volume of micropores in adsorbent, m*/kg
Am desorbed mass during a cycle (Am =m,—m,),
kgkg
AT, temperature decrease undergone by the ice after
total freezing
AT, temperature decrease undergone by water before
freezing
iy volumetric mass of adsorbed phase, kg/m?

Abbreviations
A.C. activated carbon
AC40  unit operating with the AC40+ methanol pair
ARS anti-radiative screen
ARS unit equipped with ARS
FCD first changing day
WTL water tank limit
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APPENDIX

According to the description of the cycle, the adsorption
and regeneration points {points A and R in Fig. I in[1]) are

'+
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defined by four temperalurcs. even when the cycle is not
ideal: T,. 7. T, and To. Considering | kg of adsorbent and
the cycled amount of adsorbate. Am = m,—m,, the gross
heat extraction is yielded by eq. (Al):

T n
qf:J Am'Cp.‘dT+j: Lep -dm
r!

(Al

Assuming that the system follows the idcal path R-D-A
during adsorption-evaporation period (sec Fig. Lin {11), and
!hat C, is consiant between T.and T.,eq. (Al} transforms
in:

q: = (ﬂla —m,)' [L(T‘)_ pl " (T:_ Tcn (Az)

Derivating eq. (A2) yields:
dgt = {dpi, —dm,)- [L(T,:" Pl (T.—7TJ]
+(m, —m,)* [(dLn/dT) -dT) - Cpy (AT —dTo)) (A3)
where
dm, = (8mf8T) o dT,+(8mf0F)y* (dP/dT)-dT,, (Ada)
dm, = (am,faT),-dT,+(6m/6P)T'(dP,,de)-dT:. (Adh)

Partial derivatives in eqs (Ad) are calculfated : with T=T,
and P = P, = P,(T,) in eq. (Ada), and with 7= T, and
P = P, = P(T.) in eq. (Adb). For computing these partial
derivatives, one needs an equation of state. We used the well-
known equation of Dubinin—Astakhov, as presented in [3,
9]. The correlation m = m(T, P) is written:

R-T-lnﬁ’l

P
m=Wo s &p| ~\—

(A5)

For AC35, values of parameters arc the ones published in
9. ie

W, = 425x 10-*m*/kg (cf A.C.), =215

and E’ = 221 kJ/kg (of methanol).
For AC40, values of parameters were determined by fitting
eq. (A5) on experimental data provided by the manufacturer

ive solar-powered ice makers—2 -

of AC40. CECA, France. These data lie in the domain
{20 < T < 1007C) and (0.7< P <127 kPa). The cor-

responding values arc:
W, =611 x10"*m'/kg (of AC), n=15

and E° = 173 kl/kg (of methanol).

values of (F¢*/dT.), with T, = T,, T.. T.or T.. can be
computed with help of eqs (A3)~(AS5). Tablc 1 presents
the average operaling lemperalures of AC40 and ARS units,
and the corresponding values of (PgtlaT.).

Multiplying eg. (A1) by M, and subtracting losses {cooling
of evaporator and waler tank, and heat input in the water
tank from ambient air through insulation) yields the nct heat
extraction. As only marginal influences are investigated in
this section, it will be assumed that losses are not affected by
marginal variations. Marginal influencescan then bewritlen :
M- (32T, with T, =T, T.. Teor To.

Influcnce of meteorological paramelers
Operaling temperatures are modified by meteorological
conditions, especially ambient temperature. Once the influ-

- ence of the latler on the former is established, its influence

on performance can be evaluated with the help of Table L.

Effect of ARS

In order 1o evaluate this effect, urit ARS should be com-
pared with Standard, because the ARS is the only difference
between them. Unfortunately, failure of this latier unit pre-
vents direct comparison. However, let us remember that
ACA40 and Standard units operated very similarly, as men-
tioned in [1]. Then, operating temperatures of AC40, pre-
sented in Table |, can be assumed to be the ones of Standard.
Let us denote AT, with x =g—r—core, the difference of
average operating temperatures between ARS and AC40.
For instance, AT, = (T, for ARS)—(T, for AC40).AT,s are
the differences of operating conditions induced by the ARS.
As the A.C. in ARS and Standard is AC35, the effect of ARS
on performance will be evaluated via eq. (A6):

AQ, = (}2 (g—’i;)ar)M

where (3g%/0T,)s are the ones in Table 1 for ARS.

(A6)






