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The present work aims at improving the performance of a glass solar
still using different new absorbers (enameled sheet metal, blackened
sponge, blackened gravel, clay, charcoal and quicklime) as sensible
heat storage systems under the desert climatic conditions of Adrar.
Most of the solar stills studied up to now are made of sheet metal with
a black coating. The main disadvantage of these systems lies in their
high corrosion and water contamination by the rust of the metal used
and some toxic elements. Two solar stills were designed, constructed
and tested in this study in order to compare the efficiencies of the
different solar desalination systems. The first one is a glass solar still
with sensible heat storage materials and the second one is a
conventional solar still. The solar still studied was fabricated from
cheap locally available glass and healthy materials. The hourly water
and glass temperatures, productivity, and efficiency of the still were
measured and evaluated experimentally. Moreover, a comparison
between the different materials used as absorbers was carried out as
well. From the results, it was observed that the system could produce
5.6 I/m?/day of fresh water; it was also found that metal was the best
absorber as it exhibited the highest productivity as compared with the
other absorbers. However, the maximum volume produced by the
conventional solar still was only 4.88 I/m? per day. The lowest
productivity, of about 1.6 1/ m? /day, was observed with quicklime. In
addition, physical analysis of distillate output shows that the quality of
water produced is better.

Introduction

Generally, potable water represents only 2.5 % from the general water quantity on the planet. Fresh water has
become an increasingly important factor in the development of any country. No one denies that safe drinking
water is vital to life and is indispensable to our well-being. It is also a basic requisite for further agricultural,
industrial and energy[related developments [1].
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The supply of drinking water has become difficult in many countries, thus, access to safe drinking water, is
expected to become in the world as fundamental economic and social rights and unfortunately this is not
currently the case. whatever its origin, superficial or underground water, water used for the consumption is not
always acceptable, due to, its excessive salinity or an another pollution [2].

In Algeria, the insufficient of water resources resulted in a shortage which is generalized in all the territories
of the country. Population growth, arid Saharan climate, followed by an increase of the exploitation of water
resources, to meet basic needs for urban, agricultural and industrial aggravated the situation. Currently, Algeria
was considered already among the countries classified in water stress since 2007 [3].

In the past few years, the southern region of Algeria has witnessed a rapid population increase, along with a
remarkable expansion in the irrigated land and industrial development. This situation has led to
overexploitation of groundwater. Consequently, this has caused a significant water table drawdown and well
pumping as well as serious groundwater quality degradation due to salt water intrusion for example [3].

In the arid zones of Algeria, man has always depended on underground water reservoirs for fresh water needs,
but using water from such sources is not always possible due to its dissolved salts content.

Some sophisticated techniques, such as ion exchange, reverse osmosis and electrodialysis, have been adopted
for water purification. Unfortunately, these are generally costly methods that require a lot of equipment and
energy. Solar distillation of brackish water is a more convenient and practical alternative that may help to meet
the increasing fresh water demands in these regions [4].

During the second half of the 20th century, the water resources from the North Western Aquifer System
(NWAS) increased and resulted in a significant increase in water demand that went from 0.6 to 2.5 billion
m3/year in the three neighbor countries [5].

The intense evolution of water withdrawal from the NWAS aquifer has generated a number of major problems
such as the strong interference between countries, the disappearance of artesian water, drying up of natural
outlets, such as the foggaras, excessive increase in the pumping depths and the increasing salinity of water (5.2
g /1) [6].

The solar still may provide the most appropriate solution for those zones where plenty of solar energy is
available but the quality of water is bad. The working principle of a solar still consists of using the solar
irradiance in order to create a greenhouse effect that brings brackish water to evaporation and condensate it in
order to eventually obtain freshwater [7].

Asolar still is a very simple apparatus that helps to get potable water by distilling saline water, such as seawater
or brackish water. Solar stills are normally used for small-scale drinking-water supplies needed in remote
isolated areas, where there is plenty of solar energy and the sources of saline water are available, or in some
special situations where other sources of energy are not available [8]. Solar stills are cheap and require minimal
maintenance; however, their main problem lies in their low productivity [9].

Solar energy is the main source through which life is sustained on earth. Algeria is a vast and sunny territory,
especially in its Saharan region appropriate to the development of solar energy application. The Algerian desert
is the most exposed region in the world to sunlight [10] and [11]. It may receive between 2500 and 4000 hours
of sunshine per year. The town of Adrar receives a substantial amount of solar radiation with long sunshine
hours, high temperatures and high solar radiation intensity (7 kwh/m?/day) [12].

A large number of researchers around the world have previously attempted to enhance the productivity of
passive solar stills. The productiveness of a solar still can be improved through action on the characteristics of
the absorber and condenser [13] and [14].

It is interesting to know that the productivity of a still may be improved by the use of heat storage materials or
phase change materials; this approach has been proposed by several authors, [15].

For the purpose of improving the production of fresh water in a solar still, Al-harahsheh et al. [15] carried out
an experimental study on a solar still containing a phase change material, PCM that is connected to an external
solar collector. They found out that the increase in basin and PCM temperatures are directly proportional to the
solar energy input, which is similar to a typical solar irradiation trend. The excess input solar energy is stored
in the sensible PCM Sodium Thiosulfate Penta Hydrate (STSPH) as latent heat that keeps the system operating
during the night time. These same authors also indicated that this unit was capable of producing 4.3 I/m*day;
40% of that amount was produced after sunset. Also, the addition of PCM to the system allowed improving the
water production capacity by about 23%. In addition, the energy stored in the PCM could be used to heat the
water in the tank for a certain period of time, resulting in an 86% improvement in performance.
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For the same reason, Nasri et al. [16] proposed and carried out an experimental study using locally available
materials in the southern region of Algeria, such as gravel, polyethylene, and sand, as heat storage systems in
glass solar still. This attempt results in an enhancement of solar still productivity by 32.20 % compared with a
conventional still. The same authors have used a black polyethylene film to enhance absorber capacity and
hence to improve the productivity of glass solar still. The results show that the productivity of still was between
4.04 and 4.48 1/m?d, [3].

Kumar et al. [17] investigated a novel system by combining an inclined solar still with a triangular pyramid
solar still. Moreover, Elango et al. [18] suggested a new approach to enhance the productivity of a solar still
supplied with a basin made up of glass. Similarly, Murugavel et al. [18] and [19] made an attempt to evaluate
different passive methods to enhance the efficiency of the solar still basin. They reported that the performance
of the solar still depends on the direction and inclination of the transparent cover material, its thickness and
temperature. The water depth, as well as the material used in the basin, also affects the performance of the still.
Likewise, Velmurugan et al. [20] conducted a number of experiments on a single-basin solar still. They used
450 pieces of sponge and five fins in the distiller. The results obtained showed that the solar still with fins
enhanced its productivity by 29.6% as compared to the conventional one.

Sellami et al. [21] conducted an experimental study on the performance of a solar still, using an additional
inner heat storage system by covering the absorber surface with layers of blackened sponge. They found out
that a 0.5 cm thick sponge layer increased the yield of the solar still by 58 %.

Deshmukh and Thombre [22] investigated experimentally the effect of sand and servotherm medium oil as a
phase change material (PCM), which was added as a heat storage medium, to improve the performance of a
solar still through the increase in freshwater productivity.

Yousef and Hassan [23] presented some methods for a single-basin solar still with and without phase change
material (PCM) placed underneath the basin liner of the still.

Furthermore, Kabeel et al. [24] investigated the possibility of improving the yield of a conventional solar still
through the use of a mixture of paraffin wax and graphite nanoparticles. As a result, a 94.52 % gain was
obtained with the addition of 20% graphite nanoparticles mass concentrations and 80% of paraffin wax.

Kabeel et al. [25] conducted an experimental investigation of a conventional basin solar still, integrated with a
latent heat thermal energy storage system, which was designed with the view of enhancing the still productivity,
using sensible heat energy storage knitted with jute cloth wrapped over the entire surface of the material under
different water mass. Afterwards, the phase change material (PCM) was added to a concentrator-coupled
hemispherical basin solar still in order to augment its efficiency and distillate yield. Two modes of operation,
namely a single-slope solar still without the PCM and a single-slope solar still with the PCM, were
experimentally investigated by Arunkumar et al. [26]. The resulting experimental data indicated that the
thermal storage in the concentrator-coupled hemispherical basin solar still increased the productivity by 26%.
It was therefore concluded that the productivity greatly increased due to the presence of the phase change
material within the still.

The present paper aims to assess the performance of a single-basin glass solar still, using locally available eco-
friendly materials, for the production of unpolluted fresh water suitable for drinking. This system was entirely
fabricated with locally available cheap glass. The experiments were carried out for the purpose of studying the
effect of different absorbers, such as the sensible heat storage materials, in order to increase the basin
absorptivity, and consequently enhancing the solar still productivity. Also, the effect of different environmental
and operational parameters, such as the solar intensity, wind speed and ambient temperature, on the still
productivity was also examined.

Il. Experimental methodology

11.1. Solar still description

Two solar stills were designed and constructed; the first one was made with a cheap 4 mm thick glass and the
second one is a conventional solar still made of galvanized 3 mm thick metal sheet. The glass solar still consists
of a basin with interior painted black, and various absorbers, such as enameled sheet metal plate, blackened
sponge, tinted black gravel, clay, charcoal and quicklime, used as sensible heat storage systems, to ensure
maximum solar irradiance absorption. The basin area is 0.50 m % 0.50 m (0.25 m?). The top wall is provided
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with a 4 mm thick glasscover. The side and bottom walls of the basin are covered by an insulation material,
like a 4 cm thick polystyrene layer, to prevent convective heat losses; the assembly is placed on a 16 mm thick
wooden box. The entire solar still is kept in the north-south (N-S) direction at 10° inclination. Figure 1, presents
the photographic view of the glass solar still under study.

g |
|

\ /
\ Conventional solar still

Figure 1. Photos of the conventional solar still and glass solar still under study

With the aim of increasing the yield of the solar still, different materials have been tried as heat storage systems.
According to the same methods used by the authors [16]. (Figure 2), presents the photos of the different
absorbers that were used in various experiments.

| Enameled sheet | [ Blackened | [ Blackened |

. Clay Charcoal __ Ouicklime |
Figure 2. Photographs of different absorbers

The basin is filled with water from a galvanized sheet metal tank with a capacity of 10 L. This is done by
gravity and the distillate is recovered through the channel that is placed at the end of the basin roof. Silicone
was used to ensure the correct sealing between the various constituents of the distiller. Figure 3, shows a
schematic drawing of the solar still.
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Figure 3.Schematic diagram of the solar still

11.2. Experimental setup and procedure

The experimental data were recorded on the still basin, from 7 a.m. to 7 p.m., at 30 to 60 minutes’ time
intervals. The experiments were carried out during the period of April and May of the year 2018 in Adrar,
a town located in the southwestern part of Algeria. The system was oriented in a north-south direction in
order to receive maximum solar radiation during the test days. The temperatures measured during the
experimentation were the ambient temperature, saline water temperature, and glass temperature. These
temperatures were measured with calibrated k-type thermocouples connected to a digital temperature
indicator (Data Acquisition Unit - Fluke 2625 A Hydra Series II). The solar radiation intensity impinging
on the system surface was evaluated by a Kipp & Zonen CMP21-type pyranometer. The wind speed was
estimated by means of an NRG 40C anemometer. In addition, graduated measuring containers, with
volumes ranging from 0 to 1000 ml, were used to determine the volume of condensate water at the output.
The water depth in the solar distiller was fixed at 1 cm. The accuracies and uncertainties of the measuring
devices used in this study are summarized in (Table 1).

Table 1.Accuracies and uncertainties of the measuring instruments
Instrument Accuracy Range % Error
Thermocouples +1°C =100 to 500 °C 1.4
Pyranometer  +1W/m2  0-2500 W/m2 0.1

Anemometer < 0.1 mfs 1-96 m/s 2.0
Glass bottle +10 ml 0-1000 ml 0.6

I1l. Results and discussion

The variation of the measured solar irradiance as a function of time is illustrated in (Figure 4). It is worth noting
that the solar radiation intensity increases during the morning hours; the highest value, i.e. 1042.256 W/m?,
was reached at 1.00 p.m. on 05 May. This same figure also indicates that solar irradiation is more intense
between 11 a.m. and 1 p.m., but is weaker after 5 p.m.
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Figure 4. Hourly variation of ambient temperature with time
The variation of ambient temperature and solar radiation over time is shown in (Figure 4). One can clearly see
that this temperature increases in the morning to reach a maximum value of 47.364 °C at 2.00 p.m., which
corresponds to a solar intensity of 1042.25 W/n. After 3.00 p.m., the ambient temperature gradually decreases
as the solar radiation intensity goes down, though the air temperature remains quite high even after 7 p.m.,
which favors condensation until 8 p.m.

Figure 5, depicts the variation of wind speed with time during the test day. This figure indicates that the wind
speed was in the range between 0.478 and 5.443 m/s, and the maximum value was reached at 5 h 30 min p.m.
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Figure 5. Wind speed variation during the test day
Comparisons between the hourly freshwater productivities for both solar stills, i.e. the solar still with sensible
heat storage materials (SHSM) and the conventional one, during the test period are illustrated in figures 6, 7
and 8. These figures clearly show the hourly variation of freshwater productivity of the glass solar still
integrated with different absorbers (enameled sheet metal plate, during the first and second days, sponge,
blackened sponge, gravel, black-painted gravel, clay, black-painted gravel, charcoal and quicklime), during the
experimental days. One can easily notice that the distilled water productivity increases slightly in the morning,
which is certainly due to the amount of heat stored within the materials integrated in the distiller. After 12 a.m.,
productivity rapidly rises as a result of the heat transmittedto water by the materials used. In the first part of
the tests, black polyethylene was used as an absorber in the basin and the productivity was around 4.48 l/m?/day

[3].
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Figure 6. Variation of fresh water productivity for the solar still integrated with different absorbers (a)
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Figure 7. Variation of fresh water productivity for the solar still integrated with different absorbers (b)
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Figure 8.Variation of fresh water productivity for the solar still integrated with different absorbers (c)
Figure 9, illustrates the comparison of the daily accumulated water productivities which were found equal to
1.6,3.04,3.16,3.48,4,4,4,5.08, 5.2, and 5.6 I/m?*/day for quicklime, blackened sponge (2 cm), sponge without
paint, clay, blackened sponge (1 cm), charcoal, gravel, blackened gravel, and enameled sheet metal plate 1 and
enameled sheet metal plate 2, respectively. On the other hand, the productivity of the conventional still was
between4.88 and 4.48 1 / m?. The accumulated water productivity of the suggested solar still was increased by
20 %, 14 %, and 12 %, when metal and blackened gravel were used as absorbers, as compared to the
productivity of a conventional solar still; this is certainly due to the higher basin water temperature. Similarly,
the distilled water productivity of the glass solar still was increased by 25%, 16% and 14%, when sheet metal
and blackened gravel were used as absorbers, respectively, as compared to all the other absorbers. Note that
the metal absorber produces the maximum distillate output with 5600 ml/m*day. Furthermore, the lowest
productivity was observed with quicklime. Similar results were also obtained by Sellami et al. [27], in Ouargla,
a town in southeastern Algeria, which is in agreement with our results.

143



Algerian Journal of Renewable Energy and Sustainable Development 2(2) 2020:137-150, doi: 10.46657/ajresd.2020.2.6

Volume of output water (I/m*day)

Different absorbers

Figure 9.Daily productivity of the solar still with different absorbers

Furthermore, figures 10, 11 and 12 present the experimental results of the hourly variation of basin water
temperature for different absorbers used in the basin-type solar still, on one side, and those of the conventional
still, on the other. It is clearly seen that the charcoal absorber gave the maximum basin water temperature value
of 82.65 °C at 2.00 p.m.; this is followed by the blackened sponge absorber (1-cm-thick layer) for which the
basin water temperature reached 82.35 °C at the same time of 2:00 p.m. The lowest temperatures were recorded
for sponge without paint, in which case the maximum basin water temperature of 69.06 °C was attained, at
about 2.00 p.m. However, the maximum basin water temperature obtained with the conventional solar still was
about 74.56 °C. Therefore, one may conclude that in general, the basin water temperatures reached with the
different absorbers in the solar still are approximately similar for all tests.
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Figure 10. Evolution of basin water temperature with time for different absorbers (a)
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Figure 11. Variation of basin water temperature over time for different absorbers (b)
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Figure 12. Variation of basin water temperature with time for various absorbers (c)
Figures 13, 14 and 15 show the comparison between the glass cover temperatures, with different absorbers
used in the basin solar still, and that of the conventional still. It is easy to note that the temperature of glass
(75.79 °C) covered with a metal sheet absorber is higher than that of the others; this is certainly caused by the
radiation deflected towards the glass covered with metal. From these results, one can state that the glass cover
temperature is always lower than that of the basin water. Note the temperature variations in the two cases are

similar, whichmeans that the inner face of glass is heated with water vapor, which is not the case for the outer
face.
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Figure 13. Hourly variation of the glass temperature using different absorbers
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Figure 14. Hourly variation of the glass temperature using different absorbers
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Figure 15. Hourly variation of the glass temperature using different absorbers

I11.1. Water quality analysis

The physicochemical analyses were carried out for distilled water and raw water samples; the results obtained
were then compared. The tests and analyses were performed at the Laboratory of the National Agency for Water
Resources (ANRH in Adrar), Algeria. In addition, the various physical and chemical parameters of water
samples were tested and analyzed.

The electrical conductivity (EC) and pH were measured in situ using a WTW 31.5i conductivity meter and a
WTW 31.51 pH meter. The others physical and chemical parameters, including total dissolved solids (TDS),
total hardness (TH), as well as the chlorides, sulfates, and nitrates levels were analyzed according to standard
analysis methods. The different chemical characteristics of the tested water samples obtained from the analysis
are shown in (Table 2).

Table 2.Chemical and physical characteristics of saline and distilled water samples
Efficiency still ' WHO

Parfametres Distilled water output Saline water input (%) quidelines
pH value 6.80 7.57 10 6.5-85
EC (ms/cm) 0.02 4.90 99.59 2.8

TDS (mg/l) 16.047 3040.20 99.47 1000

TH (mg/l) as CaCO; 10 1160 99.13 500

Cl~ (mg/l) 6.01 860 99.09 250

S0Z~ (mg/l) 4.0 1070 99.62 250

NO3 (mg/l) 0.30 60.68 96.28 50

The results of the analysis show that groundwater is of bad quality and unsafe to drink before treatment by
distillation. The groundwater is characterized by a very high salinity, which is equal to 3.040 g/l and is higher
than the permissible limit of 1 g/I, a very high total hardness (1.160 g/1), as well as nitrate, chloride, sulfate
levels that exceed the limit values.

After distillation, the analyses indicated that all physical and chemical parameters were under the permissible
limits and are in accordance with the Algerian recommendations for drinking water [28], and the WHO
drinking-water quality standards [29]. The physical and chemical analyses revealed that distilled water contains
fewer minerals and is physically and chemically good. It is therefore possible to say that the water obtained is
drinkable and complies with the WHO standards and guidelines [28] and [29]. It is worth pointing out that the
water produced by the solar still is very poor in mineral salts; it is therefore advisable to mix two volumes of
distilled water with one volume of brackish water to obtain three volumes of drinkable fresh water; this gives
an additional quantity of 1022 1/m?/year.

111.2. Cost estimation of the solar still

146



Algerian Journal of Renewable Energy and Sustainable Development 2(2) 2020:137-150, doi: 10.46657/ajresd.2020.2.6

The design of a solar still for rural remote areas must have the lowest cost possible; it should be made out of
natural and locally available materials. The cost of the various parts making up the solar stll system with current
prices in the study area is estimated at 10,000 Algerian Dinars (74.21 Euro), while the real manufacturing price
1s 6700 DZA (48.61 Euro). (Table 3) shows the actual fabrication cost of the distiller.

Table 3.Actual cost of components

Materials Quantity  Costin Cost in Euro
Algerian (100 = 15000
Dinars DZA)
(DZA)

Ordinary glass 2 m? 1000 7.25

Metal plate I m? 1200 8.71

Sand 5 kg Free

Gravel 5 kg Free

‘Wooden box 2 m? 3000 21.76

Accessories 1500 10.88

and workforce

Total 6700 48.61

111.3. Cost analysis

Rahbar and Esfahani [30] calculated the first annual cost (FAC) of a solar still as:
FAC = P(CRF) D

Where CREF is the capital recovery factor and P the capital cost of the solar still. CRF is defined as [30] and
[31].
P ig+nr )
S+ -1 @
Where n is the lending interest rate from the bank and I the lifetime of the still. The interest rate is generally
around 17 % for Algerian banks. Regarding the lifetime of the solar still, it is approximately twenty years. The
first annual salvage value (ASV) of the still is expressed as [31].

ASV = (SFF) X S (3)

Where S is the salvage value of the still and SFF the sinking fund factor. The salvage value S was estimated
by Rashidi et al. [31] as:

S=0.17 xP 4)
However, the SSF is expressed as [29]:
i
SFF = GrD o1 (5)
Furthermore, the annual maintenance cost (AMC) is defined in [30]. Only the absorber layer can be changed.
AMC = 0.05 x (FAC) (6)
Therefore, the total annual cost (AC) of the solar still may be deduced as:
AC = FAC + AMC — ASV (7)
Hence, the cost per liter (CPL) of fresh water produced by the solar still is:
CPL = Ac (8)
M

Here M is the mean annual production of water [30]. Admitting that the average annual production is 5.6 I/m%/day
(during the winter period the production is negligible, because it is limited to the three months of January,
February and March, during which the observed productvity is 4 1/m2/day), one finds that the annual production
1s around 2044 1. It is interesting to note that the price of a liter of distilled water on the market 1s 30 Algerian
Dinars (0.22 Euro), and its price when produced in our solar still amounts to 0.77 Algerian Dinars (0.0057 Euro);
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also, the total annual production cost 1s estimated at 54 750 Dinars. These findings allow us to state that the
Investment expenses and costs may be recovered after three months (90 days) only. The above mentioned results
are all summarized in (Table 4). Consequently, the production of distilled water using a glass solar distiller
fabricated with locally available materials 1s 40 times cheaper than that obtained by other means, such as electricity
produced by fossil fuel power plants.

Table 4. Cost analysis for a cheap glass solar still

. CPL CPL
Type () () CRF P S FAC SSF ASV AMC AC M (Eurolli?)  (DZA)
Glass
solar 10 0.17 0.21 4861 8.263 10.20 0.04 0.330 0.510 10.38 2044 0.0057 0.77
still

111.4. Comparative analysis with previous studies

The comparison between the glass solar still, developed in the present study, and some other solar stills
previously developed by other authors [17], [18], [32], [33] and [34] is shownin (Table 3). The results presented
in the table below suggest that our findings are in good agreement with those of other investigations. The results
presented in the table below suggest that our findings are in good agreement with those of other investigations.

Table 5. Comparison between our results and those obtained in other works

i L o Daily freshwater Increase in daily
Reference Solar still Absorber output (kg/m?) productivity (%)
b(harshlr et al. L(anﬁr}thIlzﬂ (xI:thltC and copper 1.7 4491 - 53.95
[32] solar still oxide
Elango and R -k centing o .
Murugavel [18] Glass solar still Black coating 4.40 - 5.32 17.38 - 41.14
Rajaseenivasan et Glass basin solar ~ Sand - Metal scrap - o Ar o on 0c
al, [34] sﬂll Charcoal 3.4() - 3.()1 2().74 - 33.7
Ouarctal, [33] ~ Comventional - Bitumen- Charcoal =y 65 61 6.14 - 18.32

solar still Black ink
Nasrietal. [16]  Glass solarsill  Sackpolvethylene =g 0 5 16.67- 32.20
Sand - gravel
Present study Glass solar still Metal-sponge-gravel 1.6 - 5.6 12 -25

clay and charcoal

1V. Conclusion

Anew solar still was experimentally investigated and tested using different absorbers, namely enameled sheet
metal plate (1st and 2nd day), sponge, blackened sponge, gravel, black-painted gravel, clay, black-painted
gravel, charcoal and quicklime.

The distillate yields for these different absorbers were studied and compared. It turned out that the solar still
with the sheet metal plate absorber gives the highest distillate output; it is 25 % higher than that obtained with
the other absorbers. Blackened gravel comes right after, its output is 16 % higher than that of the other
absorbers; the lowest productivity of the still was observed with quicklime with only 1.6 1/m?/day. During the
second day, the distillate productivity of the still with the metal sheet absorber was 5600 ml/m? for a collector
area equal to 0.25 m?; it was 5200 ml/m? on 28 April. Also, for blackened gravel absorber, the output was 5080
ml/m? per day, and it was 4000 ml/m? per day for charcoal. In addition, the TDS level can be used for assessing
water suitability for drinking. Feed water with TDS equal to 3040.20 mg/l may be treated and distilled to give
water with a TDS level around 16.047 mg/l, hence a treatment efficiency of about 99.35%.
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