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Abstract- Solar water heating technology has become one of the most attractive methods of heating water in residential and
public buildings with numerous benefits. This study presents the design technique for an automatic active domestic solar water
heating system (ADSWHS) to satisfy the hot water demand for a residence in Wum (10.43°E, 6.23° N) with a daily hot water
demand of 500 litres supplied at 70°C, using flat plate solar collectors and an arduino microcontroller. The solar data used in
this analysis were obtained from Photovoltaic Geographical Information System (PVGIS) and the method used is the active
direct roof mounted solar water heating. The system design process consist of evaluating the optimum collector tilt angle, the
thermal analysis of the flat plate collector and hot water storage tank and finally modelling a low cost automatic controller for
the system using a microcontroller in the Proteus software. The optimum annual average solar radiation on the tilted solar
collector was obtained following the calculation of the conversion ratios of the direct, diffuse and reflected radiations. At
annual time scale, the optimum tilt angle (B) that maximizes the collected radiation was 11° and the corresponding optimum
average irradiance of 432 W/m? was obtained. The analytical results presented for the performance of the heater indicate that
the system operates at an annual thermal efficiency of 55.49%. The control system simulation results indicate that the system
uses 4.5kWh and 2.075kWh of energy to run the pump and the auxiliary heater respectively and produces 26.187kWh of
energy to heat up the cold water from 25°C to 70°C for a single day.

Keywords Solar collectors, solar water heating, automatic controller, tilt angle, recirculation.

1. Introduction

Energy is a key factor for the development of our
modern society as it plays a vital role in our daily activities.
In general energy sources are grouped into two categories:
non-renewable and renewable sources [1]. Non-renewable
energy only available in limited amount is not replaced in a
relatively short period of time while renewable energy is the
form that is naturally replenished at human time scale [1] [2].
Current statistics reveals that 78.3% of the world energy
consumption is stills obtained from fossil fuels while the
rapid developing renewables accounts only for 19.1%. [3].
Renewable energy has become particularly attractive for
decades now given the environmental consequences of fossil
fuel and its limited amount compared to solar energy which
is considered unlimited with respect to its potential in
relation to the energy demand of humanity. Solar energy is

the most creditable renewable energy source that can be
exploited in different ways, with the two most promising
being photovoltaic and concentrated solar energy [4]. The
sun radiates about 1.353 KW/m? of solar power at the top of
the earth's atmosphere [5]. The use of this solar energy is an
environmentally friendly solution that helps mitigate the
deregulation of the earth/atmosphere system [6].

The direct utilization of solar energy for water heating in
domestic applications is one of the most attractive methods
of utilizing solar energy which is environmentally promising
with regards to the problems posed by greenhouse gases [7].
Solar collectors are used for the optimal and efficient
utilization of solar energy and their performance depends on
the weather conditions, collector type and orientation [8] [9]
[10]. Recent research works reveal that the domestic sector in
the UK currently accounts for about one third of national

125



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
L. Akana Nguimdo and A. Nelson Funue, Vol.11, No.1, March, 2021

energy consumption and is responsible for over 25% of the
total greenhouse gas emissions [l11]. This is because
domestic activities including space and water heating heavily
rely on fossil fuels [12]. Moreover, water heating in most
parts of the world is still based to a greater extent on natural
gas which has a high CO: content and the rest supplied by
electricity [12]. Hence, it becomes an imperious necessity to
consider renewable energy sources in other to preserve our
planet. In this context, the use of solar energy to heat water
for domestic applications will greatly limit the emission of
CO: and hence climate change.

Solar water heating technology is generally divided into
two areas: The active and the passive systems [13]. Both
systems use either direct or indirect heating [14]. Depending
on the classical form of the radiation, conversion isn’t
enough to assure the optimum functioning of the heating
systems [15]. Hence control system optimization approaches
are of great importance [16] [17]. Several works have been
published on multiple control optimization methods for solar
water heating facilities [16]. Authors started by determining
the optimal control strategy for water flow modulation in
solar thermal applications using differential algorithm based
on the ON/OFF principle as starter [18]. Thus the controller
either starts or stops the pump according to the temperature
difference. This control method is limited because it does not
take care of other parameters like the level and the
temperature of water inside the tank. Multiple control
strategies nowadays exist for solar water heating systems and
include Proportional-Integral-Derivative (PID) controllers,
Proportional-Summation-Differentiation (PSD) controllers,
and fuzzy logic controllers [19]. These methods may
certainly be more practical in programming but are relatively
complex and costly.

Today, Microcontroller based systems are wildly used
for monitoring physical parameters (temperature, pressure,
humidity, etc.) and in particular parameters linked to solar
energy applications [19]. Nevertheless, the developed

electronic devices differ from one work to another according
to the specific requirement of every application [19]. In this
paper, we study the optimization of the design analysis and
control of an automatic active domestic solar water heating
system (ADSWHS) using flat plate solar collectors and an a
microcontroller that improves the system performance at a
lower cost.

2. Materials and method
2.1. Details of the solar water heater

The automatic ADSWHS is made up of three main
subsystems: An energy conversion unit which consist of a
solar thermal flat plate collector, a hot water storage tank
system equipped with an auxiliary electric heater and an
Arduino based microcontroller subsystem. The control
subsystem is made of several electronic components (timers,
counters, analog to digital converters (ADC), registers, relays
etc.) while the solar collector is made of copper tubes,
insulating materials, coating materials, casing, and glazing.

The solar collector chosen for this design is the flat plate
collector (FPC A32) and the method used is the active direct
roof mounted. For the purpose of this work, a solar hot water
system is designed for a family of 6 members in Wum
(10.043°E, 6.23° N), a locality in the North West region of
Cameroon to heat water from 25 °C to 70 °C. A daily hot
water demand of 500 litres was estimated using 50
litres/Inhabitant a day and 100 litres for the kitchen. This
load demand is multiplied by 1.2 before choosing a storage
tank system to ensure a tolerance according to the Institute of
Sustainable Technologies (AEE) sizing method. Figure 1
presents a proposed model for the system.
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Fig. 1. Model for water circulation and heating
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Cold water supplied at 25°C with the help of a pump
undergoes forced circulation to the storage tank through the
solar collector. The controller system uses four temperature
sensors ( Ty, T{,T, and T;), a pressure sensor and an
ultrasonic sensor. T1 measures the temperature of cold water
that is pumped up to the solar collector during the normal
operation loop (Tin), T; measures the temperature of the
water entering the solar heater during a recirculation loop. T2
measures the temperature of hot water from the collector
(Tout) and T3 measures the temperature of hot water inside the
storage tank (Ttnk). The ultrasonic sensor is used to measure
the level of water inside the tank and gives information to the
controller to stop the pumping of water to the collector when
the tank is full. The pressure sensor is used to monitor the
amount of pressure inside the tank for its safety.

To start the heating process, the temperature Delta T i.e.
(Tout - Tin) must be equal or greater than 5 °C. This is to avoid
activating the pump (water circulating) when there is not
enough energy to be transferred. The temperature sensors are

temperature value (70°C) and the solar radiation on the
collector array is low (Delta T < 5°C), the microcontroller
sets the electric heater "ON" automatically. When the
required temperature is reached or the irradiance becomes
important so as to satisfy Delta T condition, the controller
disconnects the electric heater from the mains supply via an
electronic controlled switch (Transistor).

2.2. Description of the solar data and system specifications

Wum (10.043°E, 6.23° N) receives on average a
substantial annual solar energy of 5.3 kWh/m? or 424 W/ m?
making it a suitable locality for the implementation of solar
concentrating technology for water heating. The average
daily solar data for Wum and system specification are given
in tables 1 and 2 below.

Table 1. Average daily solar radiation intensity (E) for Wum
[20]

located at the solar collector fluid exit, the water supply inlet

and at the bottom of the tank. This enables the controller to

determine when to trigger the pump to transfer water from
the tank to the solar collector.

An auxiliary electric heater is installed inside the hot

water tank to take care of cases of poor irradiance. The

activation of this electric heating device is automatically

controlled by the microcontroller. The temperature sensor T3

measures the temperature of hot water inside the tank (Ttank)
in real time and sends an electric signal to the

Mo Solar Mo Solar
Jan 6.3 Jul 4.3
Fe 6.4 Au 4.3
Ma 5.8 Sep 4.5
Ap 53 Oct 4.7
Ma 5.1 No 5.7
Jun 4.6 De 6.1
Average (Epean) 53

microcontroller. If this temperature is lower than the required

Table 2. Specifications of the ADSWHS Design

Component Specification

Type FPC A32
Solar Collector Length /

Width /

Area 2.98 m?

Tilt angle 11° (see below)

Type Black-painted aluminium
Absorber Sheet Absorptivity 0.95 *0.96

Transitivity 0.85*0.90

Type Hardened Glass (3.2 mm)
Glass Cover Number !

Type Thermally Insulated (500L)
Storage Tank Auxiliary 1500W
Pump Type AC 220V, 6.5L/min

2.3. System design methodology
2.3.1. Solar radiation and optimum tilt angle ()

The solar radiation It received by the inclined
collector surface consists of three components: Direct
radiation Ip-t, diffuse radiation I4-t and the reflected radiation
It [21]. Generally, available solar data is derived for local
horizontal surface from which the components of solar
radiation on the inclined are deduced through conversion.

The conversion is done for each component and thus, the
total solar irradiance It received by the tilted surface is the
sum of three terms given as

cos6 + Id 1+cosf +

IT = IbRb + Ide + IpRr = Ib 2

1—-cosf
2

cos6,
Ip
(D
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Where B, 0 and 0. are the tilt angle, solar incident angle
and solar zenith angle respectively and p is the reflectance of
the ground. I, I4 and I are direct, diffuse and global incident
radiations on the horizontal surface at the location. Ry, Ry
and R, are conversion factors for direct, diffuse and reflected
radiations respectively. The evaluation of the diffuse
radiation component is based on the assumption of isotropic
diffusion given by the Liu and Jordan’s model [22]

Dividing Eq. (1) by I gives the total conversion
factor linking the total irradiance on horizontal and that on
inclined surface.

1—-cosf

It _ g cos6 I_dl+cosB
1 (1 I)cosez+l 2 TP 2 (2)

The ratioITdvaries according to the clearness index (K)
of the location [15] and is given as follows

Ig _

1-0.09K for K< 0.22
{0.9511 —0.1604K + 4.388K? — 16.638K® + 12.336K* for 0.22 <K < 0.8
0.165 forK > 0.8

€)

Where K = = with I, = 1367W/m?
0

The optimization technique applied here is therefore
aimed at deriving the efficient tilt angle (B) for the locality
that provides the highest collection efficiency of the collector
through the year. The angles that correspond to the highest
total conversion factor are first determined for each month.
The solar irradiation data on horizontal surface used in this
analysis are for the year 2016 and were obtained from
Photovoltaic Geographical Information System (PVGIS)
[23]. PVGIS is the official website of the European Union
which makes available solar irradiation data, ambient
temperature and tools for estimating the performance of
photovoltaic systems. In this analysis, the characteristic
parameters associated with mean solar days geometry as
defined by Akana and Njomo [24] were taken into account
and the single value of optimum tilt angle derived per month
corresponds to the one that allows the maximum solar energy
over the monthly mean solar day. Finally, the unique
optimum angle to be applied to the system is identified as the
monthly angle that provides the highest incident solar energy
on the collector over the year.

2.3.2. Thermal analysis of flat plate solar collector

The amount of energy received by a tilted solar collector
is given by
Qc = ITAC
“4)
Where A, is the area of the collector and I the
incident irradiance on the tilted solar collector surface.

Part of this radiation is back-scattered to space and
another portion absorbed by the glass cover. The fraction
transmitted through the glass that is received by the absorber
plate is thus

Qin = Ir(T0). A ©)

The rate of heat loss (Qross) depends on the collector
overall heat loss coefficient (UL) and the collector
temperature.

Qross = ULA(T. —Ty)
(6)

Thus, the rate of useful energy extracted by the collector
(Qu) is expressed as

Qu = Qin — Quoss = IT(T(X) “Ac— Uy Ac (Tc - Ta)
(7
Where T, and T, are collector and ambient temperatures

respectively. T is the glass cover transmittance and o the
absorptance of the absorber plate.

This useful energy delivered by the collector can also be
given as

Qu = rilCP(Tout - Tin)
(®)

Where m is mass flow rate of the fluid inside the
collector in kg/s, Cp the specific heat capacity of water in

kJ/kg.K. Tin and Tou are inlet and outlet fluid temperatures
(°C) respectively.

It is convenient to define the heat removal factor (Fr) as

1:R = rilCP(Tout - Tin)/Ac [IT(TO() - UL(Tin - Ta)]
)

The heater
expressed as

output temperature can therefore be

T = FR Ac [(ITT)—UL(Tin—Ta)]
out —

(10)

The maximum possible useful energy delivered by a flat
plate solar collector is obtained in the case where the entire
collector is at the inlet fluid temperature. The collector
instantaneous thermal efficiency (1) is then defined as

Ne = Fr(ta) — FRUL(Tip — To) /It
(11)

+ T,

mCp

2.3.3. Hot water storage tank system and analysis

The energy assessment of the storage tank can then be
given as

dTs

(Mcp) = = Que = Qour — Quoss (12)

Where M is the mass of storage capacity (kg). Qy; is the
heat delivered to the storage tank by the solar collector and
Qout the heat removed from storage tank to the load. The
storage tank heat loss is given by

Qioss = (UA)(Ts — T) (13)

Where (UA), is the storage tank heat loss capacity in
(W/K) and Ta the ambient temperature.

To assess the long-term storage capacity of the tank,
equation (12) may be rewritten as
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T,

fon = e,

[QUt - Qout - (UA)S( (Ts - Ta)] (14)
Where Tsn is the actual temperature inside the tank after
time interval At.

In order to optimize the use of solar energy and limit the
consumption of electrical energy, the heating procedure is
planed such that the objective of obtaining 500 litres of water
in the tank at 70°C is achieved before sunset. Therefore, the
thermal efficiency that describes storage capacity of the tank
is evaluated at the time when there is no heat transfer into or
out of the tank. Equation (14) under these conditions reduces
to

At
(Mcp)s

Ton =T —
(15)

The storage tank instantaneous efficiency ng is then
given by

[(UA)S( (Ts - Tenv)]

At

Ts ~ tacpys

[(UA)s((Ts—Tenv)]
Ts

(16)

The heat loss coefficient of the storage tank for this
design is calculated according to the European standard for
hot water storage tank systems (CEN/TC 228 2006 CEN/TC
228 WI025) given by

Ns =

, 2021

(UA), = 0.16 V35 W/°C

Where Vit is the volume of the hot water storage tank.
2.3.4. System controller components and design

Table 3 summarizes the characteristics of the controller
components used in this design.

Table 3. Controller components

Component Specification
Microcontroller Arduino Uno
LCD display A 2x16 LCD
Ultrasonic sensor HC - SR04
Temperature LM351C
Pressure sensor MPX5500

The sofware program for the control system is developed
using the arduino intergrated development invironment (IDE)
sofrware and the flow chart of the system is shown in Figure

[

Display the value of
Ti, Ti's T2 Ts, Tarers Py Prer

J

Solar Mode
Pump On

Recirculation
Using T;, = T,'

Calculate

Pump Off
Heater Off

Pump Off

Tank
Empty
Heater Off

NO

Fig. 2. Control system flow chart.
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3. Results
3.1. Tilt angle analysis results

Figure 3 shows the variation of the total incident solar
energy on the inclined surface at monthly time scale for the

tilt angle ranging from 0° to 90 °. The monthly optimum
angle is then deduced as the one corresponding to the highest
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value of the incident energy. From table 4 that summarizes
these angles, it can be noted that this result is different from
the latitude of the location often used by many researchers as
the tilt angle. The corresponding daily incident energy for
most of the cases is quite greater than the average obtained in
Wum on horizontal surface. However, for the period
expanding from April to August, the best surface remains the
horizontal, a result which is still in accordance with past
analysis [24].
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Fig. 3. Tilt angle analysis

Table 4. Incident solar energy on inclined and horizontal surfaces and optimum tilt angles

JAN | FEB | MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV | DEC

Optimum Tilt
Angle (Degre) 21 15 7 0 0 0 0 0 3 11 19 25
Incident energy on
horizontal 5.857 | 6.003 | 5.549 | 6.099 | 4.998 | 4.519 | 4.303 | 3.843 | 3.932 | 4.773 | 5.737 | 6.352
(KWh/m?)

Incident
energy on Incline 6.082 | 6.128 | 5.568 | 6.099 | 4.998 | 5.519 | 4.303 | 3.843 | 3.934 | 4.816 | 5.895 | 6.735
(KWh/m?)

Evaluating the total annual incident solar energy based
on the optimum tilt angles obtained at monthly time scale, a
maximum of 64820 Wh/m? was obtained with a tilt angle of
11° while 63600 Wh/m? was measured on the horizontal.
From these figures, it can be observed that the annual
average irradiance obtained for a tilt angle of 11° is 432

W/m?, which is greater than that on horizontal. Therefore 11°
is the optimum tilt angle for the locality.

3.2. Flat plate solar collector and storage tank performances
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The thermophysical parameters of the flat plate solar
collector used in this analysis are defined as in Odigwe et al.
[25]. Because a single layer glazing is used, T is assumed 0.9.
Likewise, UL is estimated at 5.5W/m?K and o is 0.96 given
that black paint is applied on the collector fin plates. Fr is
chosen to be 0.96 in accordance with Malvi et al. [26]. Tais
estimated at 23°C base on the site measurements during the
research period. The performances of the solar collector
using the input temperature as parameter are given in figure
4.

0.9
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Efficiency
o o
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T T
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e
w
T

0.2 L L L L L L L L L
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

(Tin-Ta)/l
Fig. 4. Efficiency of a flat-plate collector at Ta =23°C

The efficiency is a linear function of the ratio (Tj, —
T,)/It supposing that Fr, 7, a, and UL are constant for the
solar collector under investigation. This leads to a straight
line plot as shown on figure 4 with a slope of (-Fr UL). The
maximum collector efficiency of 82.94% occurs when Tin =
Ta. This maximum is essentially a function of optical and
thermophysical properties of the collector. The efficiency
reduces as Ty, — T, increases. This is characterized by the
fact that the amount of heat collected by water reduces as it
passes through the collector when the input temperature
increases. The efficiency at Tin = 25°C is 80.49% and
decreases further for Tin = 30°C as shown on figure 4.

As far as the hot water storage tank is concerned, the
following data for the calculation of the efficiency were
used:

The time interval ranges from 6 pm to 6 am and
corresponds to the night period in the locality (At=
12hours). Also, M =500Kg or 0.5m? of water, Ts= 70°C, Ta
= 23 °C. By substituting Vs in equation (17) we
obtain (UA); = 0.113W/°C. Equation (16) then givesng =
99.89 %.

3.3. Sizing of the solar system

The useful energy yield (Ec) per m? of solar collector is
E. = Er.n_n, = 4.342 kWh/m? day
(18)

Where Eq is the average daily solar radiation intensity
on the collector tilted surface.

The total area of solar collector array (Ca) is calculated
as

Ca = Q./E. = (26.188KWh/day)/(4.341 KWh/

m?.day) = 6.03 m? (19)

Q; is the total energy required to heat the SOOL of water.

Therefore the number of flat plate solar collectors base

on the specifications of table 2 equals N, = Z—‘: = 2.024
From these calculations, two solar collectors connected
in series configuration are needed for the design. This
moderate number of collectors is because the system
controller is able to recirculate the water to meet the required
temperature of 70°C. The thermal efficiency of the series
collector at a constant flow rate of 0.108Kg/s is given as

Nes = FrR (T series — (FRUL) series (Tin — Ta) /I¢
(20)

Nes = 0.8154 — [5.191W/m? (25 — 23)]/432 W/

Nes = 79.136%

The efficiency of the solar collector array (Marray) is
then given as

Narray = N XMes = 63.625% (21)

The system overall efficiency Ngystem 1S given as

Nsystem = NArray - Ns = 63.55%
(22)

3.4. Control system simulations

The control system results presented on figure 5 were
obtained using Wum hourly solar radiation for January from
PVGIS [16]. Here, the simulation period considered is
24hours (one day) starting from midnight and (Tin) was set at
25 °C at start. During this time period, the microcontroller
calculates (Tout) according to equation (10). From figure 5(a),
we noticed that the irradiance is zero from midnight to 6am.
During this period, the pump and the auxiliary electric heater
are off and the temperature difference Delta T (figure 5.b) is
zero. This is normal since there is no solar energy to heat the
water if it circulates. Also, the system is aimed at using the
maximum energy from the sun since heating using electricity
is more costly. The consequence therefore is that no water
flows into the tank (figure 5.d). Between 6am and 7am, Delta
T increases but remains below 5°C and the control system
keeps the pump and heater off. As the irradiance increases
with time, the temperature at the collector also increases.
This leads to a corresponding rise of Delta T. Since there is
enough energy to heat the water, the system triggers the
pump for circulating the water. This is noticed as from 7am
where T, increases significantly. Because of the high
values of irradiance (figure 5a), the pump is ON until 14:00
and alternates with the heater as the irradiance drops in the
afternoon. This alternating ON/OFF of the pump and heater
generates the continuum that is recorded in the morning from
07:00 to 08:00 and 14:00 to 15:00 in the afternoon. The
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continuum operation sequence is illustrated in the magnified

form in figure 6 for the period ranging from 7am to 8am.
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Fig. 5. Control system simulation results for 24 hours starting from midnight.

The maximum value of Delta T for the given data set is
8.6 °C. Since the required output temperature of hot water is
70 °C, the microcontroller is programmed to recirculate the
water to meet this temperature. Due to the circulation of
water at a flow rate of 6.5L per minutes, the tank gets full
(figure 5.d) within a period of 77minutes but at very low
temperature (figure 5.b). From that point, the control system
activates the recirculation mode. The water now flows from
the tank and it can be noticed from figure 5.b that Tj, = Tpnk
when the recirculation starts by 9 am. Figure 5(c) also shows

that when the controller triggers the pump at 8am, it remains
ON until 2pm and during this interval, the hot water in the
tank is being recirculated. The system stops when the tank is
full with water at 70°C. This result is obtained for a typical
day in Wum by 3:30pm as shown in figure 5(d). The
variation of energy delivered to the system by the auxiliary
heater for a day is presented on figure 5(e). It is seen that the
heater delivers 2.075 kWh of energy to the system. This
amount is far less than the 26.188 kWh needed to heat SO00L
of water from 25°¢ to 70°C.
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Fig. 6. Control system simulation results magnified from 7am and 8am

Figure 6 is a magnified representation of the control
system activities from 7am to 8am. On this figure, the
continuum shown on figure 5 for the above time interval has
been expanded. It can be noticed from figure 6(b) that Tin
remains constant during this interval. This is because the
storage tank is not full and there is no recirculation yet.
However, Tout varies but the amount of solar energy available
does not allow Delta T to remain above 5°C. Since the
control system detects that there is not enough energy from
the sun, it triggers automatically the auxiliary heater which
remains on until Delta T becomes once more greater than
5°C to trigger the pump. Figure 6(c) presents the ON/OFF
state of the pump and the auxiliary heater for this time
period. The results show that the microcontroller triggers
both the pump and the heater thirty times each with each
running for one minute. The volume of water inside the tank

and the amount of energy supplied to the system by the
auxiliary heater during this period are 195L and 0.725KWh
respectively as indicated on figures 6(d) and 6(e).

3.5. Importance of appropriate surface sizing

From the previous analysis, it is observed that the
household need (500L at 70°C) is satisfied early enough
before sunset. One may be tempted to reduce the size of solar
array in order to reduce the cost. In this case, a good
compromise should be found between the cost of the solar
heater and the extra electric energy used by the auxiliary
heater to assure the 70°C needed. Figure 7 shows the system
performances when the total surface of the panels undergoes
0.46 m? reduction.
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Fig. 7. As in figure 5 but with total panel’s surface of 5.5 m?

Though the need is still globally satisfied, an extra
period of activity of the heater is noted (figure 7.c) after
3:30pm. This leads to reduction of the overall efficiency of
the system since the total energy consumed by the electric
heater has increased in this case to 3kWh. This tendency
would be maintained if the surface is further reduced.
3.6. Impact of low solar radiation on the heating
performances

In sizing the solar array, particular attention must be paid
on the local meteorological conditions that may impact the

irradiance. Figure 8 shows the system performances with a
10% reduction in the incident solar radiation but a normal
solar collector surface of 5.96 m? In this context, we
observed that though the electric heater totally consumes
3kWh with an additional active period of the heater as
noticed before, the final temperature of water in the tank is
67.36°, quite below the expected value. Therefore, a security
coefficient that can vary with the locality may be applied to
the sized total surface of the panels to take care of low solar
radiation conditions.
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Fig. 8. System performance with 10% reduction in solar radiation.
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4. Conclusion

This paper describes the complete design and control of
an automatic active domestic solar water heating system
(ADSWHS) in Wum using flat plate solar collectors. The
daily hot water demand of 500L supplied at 70°C was
required. To meet this load demand, 26.188 KWh of energy
was required for the system. An efficient low-cost control
strategy using water recirculation was achieved for the
system wusing a microcontroller. The control system
simulated results using hourly solar data for January obtained
from PVGIS indicates that the system is able to produce the
required daily hot water demand using solar thermal energy
conversion that is clean and economically viable despite its
high initial cost. The results further indicate that 6.59KWh of
energy was used to run the pump and the auxiliary electric
heater during this period while producing 26.188 KWh of
clean energy to heat the water from 25 °C to 70 °C.
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