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ABSTRACT

Since time immemorial, the necessity for hot water has been indispensable regardless of the advent
of modern technology. In the dawn of the 21st century, only the means to heat the water has
changed - now we mostly use electricity and gas in place of woods and other natural fuel. With that
being said, lots of gas and electricity is being devoted to heat up the liquid for uses in hospitals,
industries and households and the demand for hot water is ever climbing. Natural resources like
fuel and coal are in limited amounts and will not be able to smustain forever. Consequently,
rencwable encrgy is starting to gain popularity in countries like Bangladesh. As a commitment to
the development of the energy sector of Bangladesh, Control and Applications Research Centre
{CARC) of BRAC University has developed a Solar Hot Water System (SHWS) that would utilize
solar energy to heat water, which could be used for several purposes like sterilization of medical
equipment, cleaning of dishes, etc. An automated pilot project has been implemented on the roof-
top of BRAC University and research work has been conducted for increasing the efficiency of the
whole system by increasing the captured insolation and reducing wastage of heat overnight through
insulation of the storage tank. With regard to procedural perspectives, this paper contemplates on
highlighting the technology implemented in the system and the improvisations made to elevate the
efficiency and present a viable comparison between commercially available hot water systems with
the developed antomated uninterruptable SHWS.

Keywords: solar hot water system, automation, thermal insulation, Bangladesh Rural
Advancement Committee (BRAC)




Introduction

Due to its location in the tropical region,
Bangladesh enjoys copious levels of sunlight for
most part of the year. The annual amount of
radiation in Bangladesh varies from 1575 — 1840
KWh/m’ [16]. The aforementioned solar hot water
system has been built from the ground up with the
aimofuﬁ]jzingmisabundantgreenenergyfor
heating water for both domestic and industrial use.
The primary function of any solar thermal energy
system is to convert solar energy directly into heat
in an efficient manner for a specific application,
Conceptually, a solar thermal systemn consists of a
“golar collector” to capture solar energy and
convert it directly to heat and a mechanism for
transporting the collected heat to a location where
it is needed to offset a thermal load. Typically,
energy is removed from a solar collector by a heat
trensfer fluid (in this case water) that is heated as it
is pumped through the device. The heated fluid is
then transported to a thermal storage for use at
ancther time or circulated directly to supply the
load. The capability of the storage to deliver its
stored energy at as high energy as poss1ble is an
important aspect. Since stray heat loss is inevitable,
by sustaining & high temperature in the thermal
storage, this goal is duly fulfilled. It is worth
mentioning that these systems tend to be small and
relatively cost effective. A solar hot water heating
system for a typical houschold consisting of four
individuals would have a solar collector array of 4
to 6 m? and & hot water storage tank of 150 to 300
litres,

Contribution of This Research

The scope of this paper incorporates research
conducted over a span of one year [1,2,3,4,5,6]. It
has to be noted that it is an extemsion of a
previously implemented solar hot water system,
which did not have any use of microcontroller for
automation of the controller [6]. The approach
taken during the course of this research focused
primarily on an experimental evaluation of the full-
scale thermal storage apparatus. Considerable
effort was undertaken to design, construct,
instrument, commission and calibrate the
apparatus. The primary focus of this solar hot water
system project is to: 1) design an active, antomated
solar hot water system through integration of
micro-controller in the control system, 2) reduce
heat loss overnight from the system through
insulation of the storage tank and 3) increase the
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amount of captured heat by optimum positioning.
The interface of the controller has been made as
user friendly as possible. Various materials have
been tried for insulation and the performance of the
SHWS in terms of heat loss has been enhanced,
subsequently. Optimum positioning of the collector
for Dhaka, Bangladesh has been determined
through determination of optimum tilt factor. All
the components of the controllers are readily
available in Bangladesh and hence large scale
production of it is also possible, saving huge
amount of money required for importing the
controllers. This new approach towards automating
the whole system can highly promote the use of
SHWS in Bangladesh and elsewhere,

Mechanism of the Designed System

The system is composed of a sclar collector (150
litres}, a storage tank (300 litres), an electric water
heater, five solenoid valves, two temperature
sensors, two water level detectors, a temperature
regulator, a contreller, a 16x2 characters LCD and
two pairs of seven segment displays. Fig. 1 shows
the basic overview of the system. The
specifications of the collector and the tanks are
given in Table I.

3 lempersure Liplsy
h < 1 =Y £
-~ € | FLECTRIC WATER
LCD . 3 "
COLDWATER TANK s '. HEATER:
e r— & 3 ! MICROCONTROLLER .
TEMPERATURE REGULATOR
r
T " - i
—H— ] ~—
\. . \\llkll\-ll |
WATER LEVIL .  a DETECIOR
DETECTOR ey | TEMPERATURI
< >
SR
L s S s Pl | b

.......

NALVE VALVE |

i SOLAR COLLECTOR % STORAGE TANK
e e W J

RESERVE TANK L
VALVE 3

Fig 1. Overview of the system [3]

Table L. Specifications of the solar collector and
the tanks

Size of the collector (Length) 3 ft 6inch.
Size of the collector (Width) Tft 9 inch
Capacity of the Solar Water Heater 150Lifre
Capacity of the Storage Tank 300Litre
Number of the collector for 150L storage [ 15 tubes
tank
Diameter 0.045 meter
Length 1.8773 meter
Total area for 15 collectar 1.99 sq.meter
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The developed automatic controller is the main
device that is responsible for the functionality of
the whole system. The backbone of the controller is
the micro-controller that holds the algorithm for the
operation of the whole system. Atmel’s ATmega32
microcontroller has been chosen for advantages
like its large flash memory along with other built in
A/D converter. By determining the temperature and
the level of water in each tank, it controls the flow
of water by providing the control signals to the
relays, which in turn drives the corresponding
valves on and off Alongside the main
microcontroller, a second ATmega32 is used to
drive the LCD. A functional block diagram and a
schematic diagram of our developed controller
section are shown in Fig. 2 and Fig. 3 respectively.
There are various controllers [7, 8, 9, 10, 11, 12,
13, 14, 15] salready in the market but not in
Bangladesh. Those controllers are mainly for
antomation in industries because of their
complexity. Based on Programmable Logic
Controller (PLC) and Proportional Integral
Derivate (PID) controller, these controllers are not
for technically unsound people. Water level
detectors and temperature scnsors are the
autonomous inputs to the controller. The water
level detector is made using wires and copper
tubes. The level detectors detect level in discrete
levels as opposed to industrially manufactured
continuous scale detector. For the 150 litres solar
collector tank, there are three levels of indicators
(10 litres, 50 litres and 150 litres) and three
transistors are responsible for feeding the signal to
the microcontroller. For the 300 litres storage tank,
there are four levels of indicators (10 litres, 100
litres, 200 litres and 300 litres) corresponding to
the four different transistors. Inside the copper tube
of the detectors, a LM35 has been placed making it
a combined device for water level detector and
temperature sensor for each tank, The temperature
sensors and the level detectors, located inside the
tank of the collector and the storage tank, feed
signals to the controller which then drives the
solenoid valves comnected between various
junctions of the pipeline of the system. Five
solenoid valves are connected in total to the
system: at the inlet of the 150 litres tank (valve 5),
between the 150 litres tank and 300 litres tank
{valve 1), between the 300 litres tank and the user
output (valve 2), between the alternate water heater
and user output (valve 4} and between the 300
litres tank and the reservoir tank (valve 3).

These valves, rated at 24 volts, are controlled by
1elays, which are energized through five transistors
(sec Fig. 3) that are controlled by the micro-
controller. Fig. 4 shows a picture of solenoid valve.
The valve opens if 24V is applied across it.
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Fig 2. Block diagram jfor the controller [3]
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Fig. 3. Schematic diagrom of the controller [3]

Flg. 4. The solenoid valve




The LCD display shows the water level inside the
tanks and the operating temperature pre-set by the
user uging the temperature regulator. The
connected 7-segment displays along the controller
show the temperature ingide the 150 litres and the
storage tank. The design of the controller has been
optimized for users so that no technical training or
knowledge is required for operating it. The inputs
for the controller are a simple regulator to set the
temperature of the hot water that the user wants
and a tactile button to push for confirming the
temperature. The interface has been bug tested for
flaws and in case the user enters anything wrong, it
can be corrected on the fly by holding the button
for few seconds and resetting the process for re-
entry. Thus, this system can be very effective for
domestic households.

Algorithm of Automation

The sequential algorithm for the whole operation is
shown in the flowchart in Fig. 5. Initially, the user
sets a temperature using the control panel
comprised of buttons and the LCD. The system
begins by checking if the solar collector (150L
tank) is empty. If it is, valve 5 is opened to let
water flow in from the cold water tank. Once the
collector is determined full, valve 5 is closed and
the water is contained in the collector for heating.
Once its temperature rises to or stays above the

Fig 5. Algorithm of the system [3]
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user desired temperature (e.g. 60°C), it is checked
whether the 300L storage tank is full or not. If not,
valve 1 is opened to let the hot water enter the
storage tank, Valve 2 is held open as long as the
temperature and the level of the water in the
storage tank remain above a predetermined value
(e.g. 457C) to supply the water to the user outlet.
To mitigate overflows in the storage tank, an
overflow pipe of sufficient height has been
installed. If the water temperature in the storage
tank falls below the predetermined temperature,
valve 2 is held shut while valve 3 is opened to
recycle some of the water back to the reserve tank
where it cools and gets back to the cold water tank
and valve 4 is opened to meet the user demand
from the auxiliary water heater. If the collector is
determined to be empty after the discharge, valve 1
is closed and valve 5 is turned on to fill it up and
the whole cycle is executed again.

Elucidation of the heat up process

Water is heated up by the solar collector during the
day and transferred to the storage tank at dusk. The
maximum temperature of the water in the collector
during heating and the temperature of the water in
the storage tank in the following moming are
noted. The storage tank temperature which had the
least drop was selected as the operating
temperature of the system. The temperature
variation of the 150 litres water tank of the whole
day for one weck was recorded. It is found that the
temperature of the hot water tank rose up to {(on a
full sumny day) 68 degree Celsius and in cloudy
days up to 56 degree Celsius (see Fig. 6). Storage
of water at 68°C causes higher loss of heat due to
greater temperature difference with the ambient
temperature. If water is stored at 50 degree Celsius,
the temperature fall of 300 litres storage tank is
only 2 degree Celsius, which iz the minimuym
temperature drop among any other stored water
temperature. Therefore, 50 degree Celsius
temperature has been selected as the operating
temperature of our solar hot water system. This 300
litres water stored in the water tank changes the
temperature with an average of 4% drop over 24
hours, which is very acceptable since solar heating
is almost a continuous process [5, 7]. The
minimum efficiency of the system is determined by
the amount or temperature of hot water required
during winter (when the largest amount of hot
water is often required). The maximum efficiency
of the system ig determined by the need to prevent
the water in the system from becoming too hot (to
beil, in an extreme case).
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Fig 6. Stored temperature, recovered temperature and
temperature change chart of one week in August 2010
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Performance Comparison

The performance of the designed SHWS was
compared with commercially available SHWS. The
analysis is given in Table II. Alongside, the
payback calculation of the system has also been
done [5], which indicated that the payback of a 450
litres automatic solar hot water system is around 14

years.

Table II. Comparison of the designed system
with another commercial hot water system [3]

Heat Loss Reduction

The Solar Hot Water System (SHWS) has already
been designed and implemented. Further research
has been conducted on its thermal insulation at
variable time, temperature and solar radiation
conditions to reduce the temperature drop of the
stored water overnight. Thermal insulation is the
reduction of the effects of the various processes of
heat transfer between objects in thermal contact or
in range of irradiative influence. The factors that
are considered for choosing insulation material are
the availability, thermal resistance (R} and thermal
conductivity (k} of the insulator material. Thermal
tesistance, R, is a measure of thermal resistance,
under uniform conditions it is the ratio of the
temperature difference across an insulator and the
heat flux (heat transfer per unit area, QA) through
it [1]. R-values are given in SI units, typically
square-meter Kelvin’s per watt or m*»K/W. The
higher the thermal resistance, the better the
insulator.

R =AT/ QA )
The K value or thermal conductivity is usually
measured in Watts per meter per degree Celsius
(Kelvin} abbreviated as W/m/k (SI unit); the lower
this number, the better the insulator. Thermal
conductivity can be calculated by dividing the
thickness (f) of the insulater by the thermal
resistance. The lower the thermal conductivity the
better the insulator.

k=t/R Q)

Designed Solar Commercial
Context Hot Water Hot Water
System System
Equipped with Equipped with gas
Alter- storage tank for or electric boosters
nate storing water and to ensure
heating contains electric uninterrupted water
method water heater for supply [18]
alternate supply
Mode of| Automatic Solar Hot | Manual Solar Hot
Opera- Water System Water System
tion
Equipped with extra System may
Storage storage tank for contain several
Tank storing and supplying tanks but all of
hot water them act as primary
tanks [18, 3]
The system is fully The antomatic
automatic and does systems use
not require any form | complex integrated
of human and mechanical
Comple-| interference apart systemns that might
xity | from periodic matter. | not be favourable
Troubleshooting is for using at home
relatively easy [31
because of using
Microcontroller

R and k values are closely related in that they are
different representation of the inherent insulating
ahility of the material, They describe how good 2
conductor of heat the material is. A wide range of
insulation materials is awvailable, selection of
insulation material should be based on thermal
conductivity, moisture vapour permeability, safety
features, the adaptation of its form/shape to that of
the collector and tank and the installation methods
available. From an economic point of view, it may
be better to choose an insulating material with a
lower thermal conductivity rather than increase the
thickness of the insulation in the hold walls. By
reducing the thermal conductivity, less insulation
will be required. Different materials were analysed
based on their price and availability in Bangladesh
and the characteristics are noted in Table III.
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Table IIL. Insulating materials
§ “R” value
l:::::;:lg per inch Advantages Disadvantages
(2.54 em)
Available, reasonable cost,
Cork board 333 can be covered with Sl M el
fibreglass :
Fibreglass wool 33 Low cost, ease of Readily absorbs water or other fluids,
batts ’ installation loses insulating value when wet
Rock wool batts 3.7 As above As above
; ; : Absorbs moisture and loses R-values
Wood shavings 22 Readily available, low cost when wet, decays
Capacity Evaluation Water was heated up dwring the day and the

The 300 litres storage tank and collector pipes were
insulated with aluminum foil and cork board. The
pipes through which water is transferred from the
150 litres collector tank to 300 litres storage tank is
insulated with rubber. The front side of the
collector tube is insulated by the aluminum foil and
the back side of the tube is covered with cork and
aluminum foil to reduce heat escaping (sce Fig. 7).

temperature of the water stored in the storage tank
was measured throughout the night. The water
temperature was again measured in the moming to
find the temperature difference. The procedure was
tepeated with and without insulation to find the
performance. The performance analysis of the
SHWS with and without insulation is shown in
Table IV.

Table IV. The performance analysis of the

‘l!,:\ kb B - SHWS with and without insulation
S e Without Insulation | With Insulation

.L ' . = Storage| Storage (Loss iy Storage| Storage |Lossis
— tank |tank temp| temp | tank |tank temp{temp in

‘ —— tempin| in°Cat | in°C|tempin| in®Cat | °C

par i °C at | morning °C at | morning
—— 67 56 11 45 38 7
= 67 58 9 45 39 [
Estimation of GHI and DIF

{a) Front side

(k) Back side of the storage tank
Fig 7. (a) Front side (b} Back side aof the storage tank

Global Horizontal Irradiance (GHI) and Diffuse
Fraction (DIF) data was collected from the final
report on Solar and Wind Energy Resource
Assessment (SWERA) — Bangladesh Project [8].
The fraction of diffuse radiation which was
obstructed by the surrounding obstacles (inclined >
5%) were added with the measured GHI values.
From a study of the surrounding obstructions it was
found that 2% area of the hemisphere was
obstructed. To get reliable diffuse radiation values,
necessary correction factors were introduced. For
measurements pyrometer and two hand data
loggers were used, Table V and table VI shows the
average GHI and DIF over respectively for Dhaka
city over the whole year.
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Table V. Monthly average GHI (Wh/m?) in

Dhaka [16]
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Determination of Tilt Factor

To use horizontal total radiation data for estimating
the radiation on the tilted surface plane of a
collector of fixed orientation, it is necessary to
know the ratio of total radiation on a tilted surface
to that on the horizontal surface [16][19][20]. The
amount of solar radiation falling on a tilted surface
is the sum of the beam and diffuse radiations
falling directly on the surface and the radiation
reflected on the surface from the surroundings. If
the tilted factor is known then it is possible to
assume the radiation on the tilted surface for solar
hot water system. The ratio of the beam radiation
falling on a tilted surface to that falling on a
horizontal surface is called the tilt factorry, for

beam radiation. For the case of a tilted surface
facing south in the northern hemisphere, 7 is
given by [19]

cosf _ sind sin(0-£) 4008 codB-F) cosw
cosf;

= @

sindsin® 4cosd cosfrosw
wheref = the angle between the beam radiation on
2 surface and nommal to that surface, 8, = the zenith
angle, @ = the latitude, 8 = the tilt angle, 5 = the
declination for the average day of each month, » =
the hour angle for the tilted surface for the average

i3

day of the month. The tilt factor 7; for diffuse
radiation is the ratio of the diffuse radiation falling
on the tilted surface to that of the falling on the
horizontal surface. It depends on the distribution of
diffuse radiation over the sky and on the portion
sky dome secen by tilted surface. We assume that
the sky is isotropic source of diffuse radiation [19].
T'd=1+i“ﬂ

* @
We assume that the reflection of the beam and
diffuse radiations falling on the ground is diffused
and isotropic and that the reflectivity is p, the tilt
factor for reflected radiation is given by [19]
1—nasf

. )
Where p = the surface albedo.

=R

The monthly surface albedo values are known from
NASA and it lies between 0.12 and 0.16. The total
radiation on a tilted surface of the collector will be
the sum of direct diffuse and reflected radiation. It
is expressed by [19]

:T= .fbrb+fdrﬂ+(;’b '+fd)"r (6)
Where 1, I; and I, are the instantaneous values of
beam, diffise and direct radiations respectively.
Thus the hourly tilt factor (see Table VII), R can be
given by [19],

Fr I
_"F (i F)r‘b-l-;rad-f )
Or using other notations [20],
Hy
R=T=(1-Z)R,+ZR+R, )

The tilt angles are chosen in such a way so that
solar hot system should get significant solar
radiation. In summer, the sun’s path is shorter and
it shines in the zenith at noon and in winter the
sun's path is longer and the path is closer to
horizontal at noon. During summer, if we keep
solar device horizontally it will get more sunlight
and during winter when it is tilted it will get more
sunlight. In Bangladesh a study shows that if one
simply changes the tilt angle at 40° for winter
(October-February) and 10° for summer (March-
September) then one can achieve higher tilt factors
(see Table VIII),




Table VIL Hourly tilt factors for latitude, tilted
south facing surface at Dhaka [16]

Hour
| Angle
Jan
Feb
Mar
Apr
May | 0.96
Jun | 095
Jul |0.95
Aug |0.97
Sep | 1.00
Oct | 1.06
Nov |1.17
Dec | 1.19

+7.5 | £22.5 | +37.5 | £52.5 | 167.5 | £82.5 (£97.5

1.16
1.12
1.05
0.98
0.85
0.94
0.94
0.6
1.00
1.08
1.19
1.23

1.17
1.13
1.04
0.97
0.93
0.92
0.92
0.95
0.99
1.08
1.22
1.26

1.20
114
1.02
0.95
0.91
0.50
0.89
0.93
0.98
1.08
127
1.36

1.37
1.21
1.00
0.93
0.89
0.88
0.86
0.89
0.96
1.13
1.62
1.53

1.14
1.12
1.05
0.9%

1.15
1.12
1.05
0.99
0.96
0.93
0.95
0.97
1.00
1.07
1.17
1.21

0.95
0.97
0.78
0.76
0.82
0.70

To estimate monthly average tilt factor Liu and
Jordan proposed the following equation [20]

R =H{ /H= (1—%;?1)@ +(Edfﬁ)((1+uﬁ)fz)+rm—mfz) ©)

Table VIII. Hourly tilt factors for 10 and 40
degree combination south facing tilted surface
at Dhaka [16]

Hour |£7.5|+22,5|+37.5|£52.5| +67.5|82.5(97.5
| Angle
Jam [1.16| 1.17| 1.19 | 1.21 | 1.26 | 1.54
Feb [1.12( 112 1.13 | 1.14 | 1.17 | 1.29
Mar [1.04| 104 | 103 | 1.03 | 1.02 | 1.01
Apr (101 1,01 1,01 | 1.00 | 0.92 | 0.98 | 0.99
May |1.00| 1.00 | 0.99 | 0.98 | 0.97 | 0.96 | 1.00
Jun (099|099 099 (098] 0.97 ]| 0.96 | 0.92
Jul (099]| 099|099 | 098 | 0.97 | 095 | 0.91
Aug |1.00) 1.00] 1.00 | 0.59 | 0.98 | 0.97 | 0.93
Sep (1.01| 101 | 1,01 | 1.01 | 1.0O | 0.99 | .88
Oct [1.04] 104 1.06 | 1.07 | 1.07 | 1.16
Nov |1.191 120 124 | 1.28 | 1.38 | 193
Dec (1.24| 126 1.29 | 1.36| 1.52 | 1.79
For a south facing surface [20]
= f{g; =
(10)

cod - coed sinw : +(n 180w ;ein(O-Dend

coslcoed sinay+in liWwsm i sarnd
;= the sunset hour angle for the tilted surface for
the average day of the month

34
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@ &= the sunset hour angle

Wy =

rritn [vos=t{lan Glan @), vos~{— Lan{® — (1)
) tan 8)]

“min’’ means the smaller of the two items in the
bracket.

Till Taciors
B L B
?
(
e
>
\
*

08 + T T T T T T T T T T T .
Jan Feb Mar Apr May Jun Ju  Aug Sep Oct Nw Dec
Menth

|— -#— - Lalitude angle tilt 10 and <0 degree combinaticn it faztors

Fig 8. Monthly tilt factors for Dhaka [16]

From Fig. 8 it is clear that the total radiation will
decrease if one keeps the surface at latitude tilt
angle in summer season at Dhaka. To get higher
values fiom the solar system one may practice
tilting the surface, two times over the year at above
tilt angles.

Conclusion

The automated controller, developed by CARC,
has proven so far to be risk free and user friendly
and the whole sgystem requires only a one-time
investment. Not only will it cater to users of hot
water but also greatly contribute in toning down the
huge demand on electricity from the national grid
and other sources. Natural resources tend to deplete
in the long run and it is truly high time solutions be
found by ufilizing repewable and altemative
sources of energy. This endeavor was nothing short
of reaching that goal. It is needless to mention that
the system can be used for both domestic and
industrial purposes regardless of the components
used in building it and the system ig capable
providing uninterrupted hot water in an efficient
manner, Using aluminum foil and cork sheet it was
found the temperature drop overnight is 6 degree
Celsius in winter. Analysis of the insulator
materials reveals that rock wool is the optimum
choice for insulation which could lead to further
decrease in heat loss. The optimum angle is at 40
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degrees for winter (October-February) and 10
degree for summer (March-September). In average
the optimum angle is around 22-25 degree Celsius.
This variation in angle could be the reason for one
of few shortcomings of this system presently. In
the future, the system can have additions like fully
automated ftilting process for maximum sunlight
exposure.
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