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Abstract
A procedure is developed for assessing the economic viability of a solid adsorption solar refrigerator in
terms of its life cycle saving over a conventional vapour compression refrigerator.  The life cycle saving is
expressed in generalized form.  Economic factors considered include property tax rate, inflation rate,
banks interest rate and yearly rate of increase of energy and maintenance cost.  Results obtained indicate
that the first cost of the solid adsorption solar refrigerator is usually quite high.  However over time, the
investment in it will be justified, especially in regions with high insolation level without grid connected
electricity.
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1.0 Introduction

Cold production from the sun using the adsorption
technology has proven to be a technical success.
Anyanwu and Ezekwe (2003), Pons and Grenier
(1987), Grenier et al. (1983) and Critoph (1993)
have all reported successful production of cold us-
ing this technology. However, the common features
associated with them are the low COPs and high
first cost. These features have delayed its accept-
ability and eventual commercialization. The low
COPs have been variously attributed to either bad
design or inappropriate thermal analysis to generate
optimal system design parameters (see Anyanwu,
2003; Anyanwu, Oteh and Ogueke, 2001; Anyanwu
and Ogueke, 2005). This COP is the net solar COP,
which is the ratio of the refrigeration capacity to in-
put solar energy and therefore may not be the most
appropriate means of comparing their performances
with those of the vapour compression systems (see
Pons et al. 1999; Corbella and Garibotti, 1989).
This is because solar energy which is the energy
source is free.

Another attribute of a new system which is often
compared to that of existing system before it be-
comes acceptable is its economics. Unfortunately
most economic comparison between the solid ad-
sorption solar refrigerators and their equivalent con-
ventional refrigeration systems, at present, are made
on the basis of the initial cost of the system. So far
the initial costs of solid adsorption solar refrigera-

tors produced are higher than those of the conven-
tional systems.  An example is the activated carbon/
methanol adsorption solar refrigerator produced by
the BLM Company of France, which produced
about 5.5kg/day ice and cost about $1500. This
price was considered to be about 30% too high to
get a real market (Meunier, 1994). However, any
proper cost comparison and subsequent economic
evaluation of any solid adsorption solar refrigerator
should include such costs as the running cost and
effect of inflation. This involves determining the life
cycle saving of the machine.

The life cycle saving method of analysis has been
applied by different authors in economic analysis of
engineering systems (Brandemuehl and Beckman,
1979; Mullen, 2005; Arnold, Matela and Veeck,
2005 ).  In this work, it is applied to the solid ad-
sorption solar refrigerator in order to determine its
economic viability. The conventional vapour com-
pression refrigeration system is used as the control.
Economic parameters to be considered include in-
flation rate, maintenance cost, bank interest rate,
property tax rate, and yearly rate of increase of en-
ergy and maintenance cost.

2.0 Life Cycle Saving Method

The life cycle saving (LCS) of a solid adsorption
solar refrigeration system over a conventional
vapourcompression system may be defined as the
saving in cost achieved by using a solid adsorption
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solar refrigerator in place of the conventional sys-
tem. This may be presented in mathematical form
as:
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in solar system dependent on collector/generator/
adsorber area(N), investment cost in solar system
independent of collector/generator/adsorber
area(N), area(m2), present worth factor,  running
cost of solar system(N), capital Investment in con-
ventional cooling system(N) and running cost of
conventional system(N), respectively.

The running cost of the solid adsorption solar refrig-
eration system and that of the conventional system
include property tax. The amount paid as property
tax is given as
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for the solar powered system, and
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for the conventional system. j is the property tax(%).
Solid adsorption solar refrigerators, once installed,
are relatively maintenance free (since it does not have
a moving part) and solar, which is the energy source,
is free. It only requires periodic cleaning of the col-
lector surface of dust. This can be handled by the
operator.  Thus,
  R
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However, the same cannot be said for the conven-
tional cooling system. It requires periodic mainte-
nance and uses grid connected electricity which is
not free.  Therefore the effects of the rate of increase
in energy cost, iec(%) and the rate of increase in
maintenance cost, imc(%) become significant.
Hence,

                                                                       ...5
The present worth factor, P permits the determina-
tion of the present worth of an annual cost over a
selected time period using an interest rate, inr(%)
and an inflation rate, ifr(%). This is given as (see
Brandemuehl and Beckman, 1979):

                                                                        ...6
ny is the number of years. Substituting equations (2),
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(4), (5) and (6) into equation (1) gives

                                                                        ...7
Equation (7) gives the saving that will be made dur-
ing the working life of the solid adsorption solar re-
frigerator. If property tax is ignored (in most coun-
tries this tax is usually not charged in non commer-
cially oriented ventures), jC

c
 and

in equation (7) will drop out.

2.1 Application

The solid adsorption solar refrigerator selected for
analysis is that built and tested at Nsukka, Nigeria
and reported in Anyanwu and Ezekwe, 2003. It
consists of three major components: the collector/
generator/absorber, the condenser and the evapo-
rator (see Figure 1). Its flat plate type collector/gen-
erator/adsorber used clear plane glass sheet cover
of effective exposed area of 1.2m2. Activated car-
bon granules are packed in the annular space be-
tween two coaxial collector pipes. The inner pipe is
perforated to ease methanol flow to and from the
granules and avoid pressure drops and temperature
differences along the collector pipe. Six of such pipes
are bonded onto the underside of a collector plate
(painted black), with the inner pipes linked to com-
mon methanol inlet and outlet headers. The con-
denser is of the evaporative type. It consists of a
steel tube coil with a square plan view, submerged
in a pool of stagnant water contained in a reinforced
sandcrete tank.

Figure 1: Schematic diagram of the refrigerator.
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The evaporator is a spirally coiled copper tube im-
mersed in a pool of water contained in an insulated
steel vessel. Adsorbent cooling during the adsorp-
tion process is both by night sky radiation and natu-
ral convection of air over the collector plate and tubes
facilitated by opening the collector box end cover
plate. It has a total cost of about N67,500.00
(US$1.00 = N135.00) and produces about 3kg ice
per day at -5oC.  This cost is inclusive of the solid
adsorption solar refrigerator investment costs which
are directly proportional to the collector/generator/
adsorber area and those independent of the collec-
tor/generator/adsorber area. Table 1 shows a break-
down of the solar adsorption refrigerator cost.

Table 1: Breakdown of the refrigerator cost

The refrigerator is intermittent in operation with a
cycle completed in 24hours. Its mode of operation
can be explained using the ideal cycle shown on the
Clapeyron diagram (see Figure 2). Starting in the
morning at an ambient temperature T

1
, the rich con-

centration adsorbent in the generator/adsorber is
heated by solar energy until T

2
 when the pressure

reaches a level that enables refrigerant to desorb
and be condensed. This occurs at constant pres-
sure until the maximum cycle temperature, T

3
. The

adsorbent then begins to cool and pressure within
the generator/adsorber drops. The adsorbent cool-
ing continues until a temperature, T

4
 when the gen-

erator/adsorber pressure becomes equal to the satu-
ration pressure corresponding to evaporation tem-
perature. The refrigerant begins to boil, thus pro-
ducing cooling in the evaporator. The refrigerant
boiling off is readsorbed by the adsorbent. This con-
tinues until the adsorbent temperature drops to T

1

the following day when the cycle is repeated.

The equivalent conventional refrigeration system
which produces the same mass of ice per day (3kg/
day) as the solid adsorption refrigeration system
considered costs about N47,700.00 in Nigeria. The
electricity consumption of such vapour compression

S/No. Component Cost (N)

1. The Collecctor/generator/adsorber 44,250.00

2. The Condenser   8,810.00

3. The Evaporator   3,955.00

4. The Liquid receiver   1,732.00

5. Miscellaneous (connecting pipes, valves, etc)   8,745.00

system as given by the manufacturer is 1.17kWhr/
24hr (i.e. 1.17 kWhr/day). Hence in 365 days when
the energy rate is N4.00 per kWhr, the cost of run-
ning it is N1708.2 which is approximately
N1710.00.

Three different economic scenarios are considered
here.
i. Economy with low inflation rate, interest rate and
rate of increase in energy and labour cost
ii. Economy with medium inflation rate, interest rate
and rate of increase in energy and labour cost, and
iii. Economy with high inflation rate, interest rate
and rate of increase in energy and labour cost.  In
this work, the economic scenarios are considered
to be in the ranges of 0 – 7%, 8 – 15% and greater
than 15%, for scenarios i, ii and iii, respectively.  These
parameters are presented in Table 2 and are as-
sumed adequate. For each inflation rate considered,
the interest rate and rate of increase in energy cost
are varied over ranges assumed to be representa-
tive of the actual values for the corresponding infla-
tion rate.

Figure 2: The ideal cycle shown on the Clapeyron
diagram

Table 2:  Economic Parameters Used in Analysis

The equivalent conventional system used for analy-
sis in this work is small and does not usually require
regular maintenance, hence the non inclusion of the
rate of increase in labour cost in Table 2.  Thus the
component of equation (7) representing the mainte

Saturation line  ln P
(mbar)

-1/T (K)

T4

T3T2

T1

Economy Type Low Medium High

Inflation Rate (%) 5 13 20

Rate of Increase in Energy (%) 1,2 10,11 16,17

Interest Rate (%) 3,7 11,15 19,21
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nance cost will drop out. Furthermore, property tax
is also ignored.

3.0 Discusssion of Results

Figures 3 – 8 show results obtained from the life
cycle saving analysis.  It can be seen that it took a
maximum of about 10 years for the solar system to
breakeven for all the economic scenarios consid-
ered.  This corresponds to the points where the life
cycle saving (LCS) plots meet the horizontal axis
(length of time – year). It is also evident from these
figures that correspondingly increasing the inflation
rate, interest rate and rate of increase in energy cost
resulted in a decrease in the effect of rate of increase
in energy cost (as seen from the difference between
the solid and broken lines) while the plot pattern
showed a shift from an almost linear relationship
between LCS and length of year (Figures 3 and 4)
to a well defined quadratic relationship (Figures 7
and 8).  Furthermore, the figures revealed an in-
verse relationship between the economic factors and
the length of time for breakeven. For each inflation
rate and its corresponding rate of increase in energy
cost, raising interest rate above the inflation rate value
resulted in increase of the breakeven period.

These observations may be attributed to the follow-
ing:
1. When the factor, P(present worth factor) is near
constant (as is the case with the variation pattern of
a combination of the economic factors used in the

analysis), higher values of  the component,  iec1
in equation 7 (which results from increasing the value
of rate of increase in energy cost) produce values
which increase in a rather polynomial form in re-
sponse to the increasing index, ny.
2. When there is a situation where interest rate is
higher than inflation rate, the ratio

becomes less than one. The net effect is a drop in
the rate at which the factor, P increases since in-
creasing the value of the index, ny brings about a
gradual decrease in the value of

as against a situation where the ratio,
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is greater than zero. Thus the longer time before
break-even.

From the results presented, it is obvious that the long-
est breakeven time occurred with the first economic
scenario. This was about 10 years. However, the
system may have broken even much earlier than that
if the effect of maintenance cost of the vapour com-
pression system were considered. For very large
vapour compression systems, the maintenance cost
plays prominent role and therefore cannot be ig-
nored.  Solar adsorption systems of the type con-
sidered here are often intended for large farm settle-
ments or remote villages without grid connected
electricity.  Hence their refrigerating capacities will
be large. The equivalent conventional vapour com-
pression system, therefore, will require periodic
maintenance.  This may be the reason Boubakri et
al. 1992, suggested the conversion of existing cold
stores in isolated areas to solar powered systems.
Furthermore, in regions without grid connected elec-
tricity, the cost of installing a conventional vapour
compression system will include the cost of procur-
ing and installing a power generating set or the cost
of extending grid connected electricity to such re-
gions. This obviously will further reduce the
breakeven period for the solar system. Interestingly,
the cost of solar system used in this analysis is its
prototype cost. It is believed that optimizing the per-
formance and mass producing could reduce the price
difference between such system and the equivalent
conventional one from about 50% in this paper to
below 20%.

PV refrigerators widely used in vaccine cold chain
have had better commercial success than the solar
adsorption system. However, their very high initial
cost makes them unattractive to use. An installed
PV refrigerator cost about US$6000.00 (see
Anyanwu, 2003). For small farm settlements in re-
mote regions, raising such an amount may not be an
easy task. Furthermore, they are more complicated
and as such may require more experienced person-
nel for their maintenance. PV panels have low effi-
ciency of electrical power production. This is in the
range of 8 – 10% at maximum power condition (see
Klein and Reindl, 2005). Since power produced by
PV arrays is as variable as the solar resource from
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which it is derived, larger collector surface area may
be required as well as some form of energy storage,
in the form of battery, which further adds to the sys-
tem size and cost. Though the energy storage facil-
ity (battery) enables operation of the system at times
when solar radiation is unavailable, its use reduces
the systems steady state efficiency (see Klein and
Reindl, 2005).

The use of solar energy powered systems to pro-
duce cold depends on the availability and intensity
of solar energy in the region of interest. Pons and
Grenier (1987) and Anyanwu and Ogueke (2001)
have shown that solar energy intensity in the range
of 11 – 12MJ/m2 and above is required if a solid
adsorption solar refrigeration system using activated
carbon/methanol pair is to be effectively used in cold
production. Thus any cost analysis for the purpose
of choosing between a solar powered adsorption
refrigeration system and any other refrigeration sys-
tem for any location must be embarked upon after
duly ascertaining that the solar intensity in that re-
gion and its distribution pattern throughout the year
can support using the solar refrigeration system.

Figure: 3 LCS Result for Inflation  Rate of 5% and
Interest Rate of 3%.

Figure: 4 LCS Result for Inflation Rate of 5% and
Interest Rate of 7%
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Figure 5: LCS Result for Inflation Rate of 13% and
Interest Rate of 11%

Figure 6: LCS Result for Inflation Rate of 13% and
Interest Rate of 15%

Figure 7: LCS Result for Inflation Rate of 20% and
Interest Rate of 19%

Figure 8: LCS Result for Inflation Rate of 20% and
Interest Rate of 21%
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3.1 Technical Constraints

The major technical problem associated with solar
adsorption technology is its poor heat and mass
transfer characteristics. The adsorbents in use have
low thermal conductivity and poor porosity charac-
teristics. The net effect is the bulky collector/gen-
erator/adsorber component leading to excessive
heating capacity and hence the low system COP
associated with this type of system. Numerical analy-
sis and optimization studies carried out by Jing and
Exell (1994) and Anyanwu and Ogueke (2008) have
revealed that the system performance could be im-
proved by optimizing the collector/generator/
adsorber component. For instance, appropriate
combination of the collector plate/adsorbent pipe
materials, number of glazing, adsorbent packing
density, adsorbent pipe spacing and adsorbent pipe
outer diameter could yield up to 38% improvement
in COP (see Anyanwu and Ogueke, 2008). Inter-
estingly, adsorbent bed thermal conductivity which
is one of the major technical problems have been
improved quite significantly from a value of 0.1 to
0.4W/mK for monolithic carbons and up to 5W/
mK for graphite composite (see Critoph  2001).
Unfortunately these have not been applied in the
construction of an adsorption refrigerator of the type
discussed in this paper in order to ascertain their
level of improvement on the performance and also
their effect on the refrigerator cost.

4.0 Conclusion

An economic evaluation of solid adsorption solar
refrigerator using the life cycle saving method has
been carried out.  From the results, the following
conclusions may be drawn:
 i. Economically, cold production using the solid ad-
sorption technology could be a viable alternative to
the conventional method in remote regions without
grid connected electricity or farm settlements with
abundant solar radiation; especially in countries
where inflation and interest rates and rate of increase
in energy cost have double digits.
ii. It takes up to 10 years of operation for the solar
system to economically break-even with the con-
ventional system in regions where the economy is
good. Thus the design of such systems should be
such that their service life has to be greater than 10
years for it to be a worthy economic venture.

Already, solid adsorption solar refrigerator is a tech-
nical success. However for it to be fully acceptable
as a viable alternative to the now common vapour
compression system of cold production, more de-
velopmental research is required in order to solve
the identified technical problems and hence improve
its performance.
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