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DEVELOPMENT OF A SOLAR WATER HEATER 
Engr. Dauda R.M., Prof. Pam G.Y., Dr. Anafi F.O. 

 

Abstract— A double – glazed thermosyphon solar water heater was designed and optimised. This was based on weather data for Zaria, 

Nigeria (latitude 11.12 °N and longitude 7.8 °E), hot water storage capacity of 0.1m3 and desired water outlet temperature of 70oC. The 

geometric parameters optimised via a parametric study air – gap spacings, L1,L2, collector tube internal diameter, di and absorber plate 

thickness, δ in order to reduce thermal losses, enhance heat gained by the water and ensure reduced cost of the system. A model of the 

system was developed based on the values of the system characteristics, component sizes obtained from the design calculations and 

parametric study, which was used for the simulation of the system performance using the Transient System Simulation (TRNSYS 16) 

software. The system was constructed and then tested experimentally for three (3) days. Results showed that the simulation carried out 

was (1) 96.56%, 97.63% and 97.49% accurate for the 3 days, for the storage tank inlet temperatures; (2) 95.28%, 93.35% and 94.26% 

accurate for the 3 days, for the collector inlet temperatures. The average daily simulated/experimented efficiencies for the 3 days were 

60%/ 58%, 59%/ 56% and 56%/ 53% respectively. This difference in performance was largely attributed to the fact that the data used for 

the simulation were strictly based on assumptions while the actual/measured data were used for the experiments. 

Index Terms— Absober Plate thickness, Air-gap space, Heat Removal Factor, Insulation Thickness, Storage Tank Temperature, Top heat 

loss coefficient, TRNSYS   

——————————      —————————— 

1.0  INTRODUCTION                                                                     

E nergy resources are classified into two types: renewable 

resources (R.R.) including solar energy, wind power, hydrau-

lic energy, geothermal energy and biomass energy, and non-

renewable resources (N.R.R) that cannot be replenished; such 

as crude oil, nuclear energy, coal and natural gas. According 

to British Petroleum [1], power generated from renewable 

resources has increased to 14 % of the total growth in global 

power generation [2]. However, because of the enormous 

growth in the energy consumption, this growth is not enough 

to reduce the level of carbon emissions and to meet the Mil-

lennium Development Goals (MDGs) by the year 2030 [2]. 

Today, most of the commercial and industrial hot water 

demands in Nigeria are met mainly by burning wood or 

using electric water heaters. Unfortunately, the rising energy 

cost, environmental concerns, and the depleting nature of 

the current primary energy sources in use have made burn-

ing of wood and the use of electric water heaters less attrac-

tive. However, utilizing solar water heaters for domestic or 

commercial purposes such as in hotels, restaurants, hospitals 

and especially in rural areas, will help achieve the Millennium 

Development Goals (MDGs) of reducing carbon emissions by 

the year 2030 since the use of the solar water heaters will sig-

nificantly reduce the cost of energy consumption and it re-

quires little maintenance in the long run. Furthermore, the 

world’s population is expected to increase to 8.1 billion by 

2030 and hence, the average carbon emissions cap for each 

individual must be reduced to about 3.7 tCO2/year to achieve 

the Millennium Development Goals by 2030. Therefore, car-

bon emissions must be reduced, and this can be achieved by 

reducing power consumption and/or increasing the percent-

age of the energy generated by using clean resources like so-

lar, wind, geothermal and hydro energy. 

 

[3] investigated the effect of the air gap spacing of double 

glassed doors in closed refrigerated vertical display cabinets. 

The results showed that when the size of the air gap was very 

small (about 5 mm), the heat transfer was mainly due to con-

duction: as the gap spacing increased, air began to move due 

to natural convection which led to an increase in the convec-

tive heat loss. Therefore, the sizes of the top and lower air gap 

spacing have an effect on the amount of heat loss from the 

system. 

[4] conducted a parametric study in an indirect heating inte-

grated solar water heater with double glass cover, in order to 

minimize heat losses. The air gap spacing between the ab-

sorber and the inner glass cover (L1) and between the two 

glass covers (L2) for the system with 0.7 m x 1.35 m absorber 

area were varied within the range of 15-50 mm to investigate 

which combination of gap sizes (L1, L2) would result in mini-

mum total heat losses, including radiation and convection 

losses. The results showed that a combination of air gaps L1 

and L2 of 40 mm and 25 mm were obtained as optimum val-

ues. These values are yet to be experimentally determined. 

[5] designed, simulated and constructed a thermosyphon so-

lar water heater in which the effect and sensitivity of varying 

collector tube centre to centre distance, absorber plate thick-

ness, number of glass covers and collector tilt angle were 

studied on the heat removal factor. The results of the simula-

tion revealed that the thermosyphon solar water heater with 

collector area of 2.24 m2 was capable of supplying a daily do-

mestic water of 0.1 m3 at temperatures ranging from 56  for 

the worst month (August) to 81  for the best month (April). 

 

This study investigated and numerically determined the op-

timum size of air gaps (L1 and L2) in the solar water heater, 
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with the view of minimising heat losses associated with col-

lector surface and increasing the heat gained by the water. 

 

2.0 DESCRPTION OF DOUBLE-GLAZED SOLAR 
WATER HEATER  

The solar water heater is comprised of an absorber plate, 
glazing (glass covers), storage tank, frame/stand and fluid 
passage/connecting pipes as shown in Figure 1. The storage 
tank is made up of two compartments (the inner and outer 
tanks) separated by 50 mm thick insulation wall made of fibre 
glass wool. The collector assembly housed the absorber plate, 
fluid passage tubes (risers and headers) and the glazing. A 
series of riser tubes connected to upper and lower headers (all 
made up of copper) were attached to the absorber plate. The 
upper header connects to the inlet of the storage tank, while 
the lower header connects to the outlet of the storage tank. 
The frame, which holds the storage tank and the collector 
assembly together was made of hard afara wood. Flexible 
UPVC Tigre pipes connect the storage tank and the collector 
assembly. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Sketch of the solar water heater with double glazing 

3.0  SYSTEM DESIGN 

3.1   System Design Equations 

3.1.1 Collector useful energy:  The useful energy output of a 

collector with area, , is the difference between the absorbed 

solar radiation and the thermal loss as expressed by [6] as: 
     

 (1) 

The useful energy can also be defined as the quantity of heat re-

quired to raise the temperature of the fluid from inlet tempera-

ture, , to the desired outlet temperature, , as given by [5] 

as:  

   (2) 

3.12 Collector area: Combining equations (1) and (2), the col-

lector area, AC, can be solved for as given by [6] as: 

       (3) 

3.1.3 Collector mean plate temperature: The mean absorber 

plate temperature, , usually evaluated in an iterative manner 

[6] as: 

     (4) 

[6] developed an expression for estimating   and equated same 

to be used as  as given by [5] as: 

      (5) 

3.1.4 Top heat loss coefficient:  

An appropriate relation for collector top loss coefficient ( ) as 

developed by [7] is: 

 

         

        (6) 

 Where; 

     (6i) 

     (6ii) 

 

         (6iii) 

      (6iv) 

    (6v) 

     (6vi)

   ,  (6vii) 

      (6viii) 

 

    

        ( 6ix) 

 ,   (6x) 

    (6xi) 
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      (6xii) 

 

3.1.5 Collector heat removal factor (FR):  

The collector heat removal factor, FR, is the ratio of the useful 

energy gain of the collector to the useful energy gain if the whole 

collector surface were at the fluid inlet temperature. FR can be 

expressed as [6]: 

     (7) 

  where; 

    (7i) 

      (7ii) 

  and; 

       (7iii) 

3.1.6 Solar fraction ( ): 

This is the fraction of the total hot water energy that is supplied 

by the solar water heater and can be calculated using [8]: 

       (8) 

3.1.7  System efficiency ( ): 

The efficiency of the solar collector can be determined through a 

number of ways. One of such ways is the Hottel – Whillier equa-

tion which defines the efficiency in terms of the collector heat 

removal factor ( ), given in equation (7) by [5]: 

     (9) 

3.2 Design Analysis 

The solar water heater is divided into the following three major 

components namely: collector assembly (including glazing, 

absorber plate, fluid passage tubes and casing), storage tank 

and stand (frame). Zaria is located between latitude 11o11’ and 

11o13’ North, and between longitude 7o30’ and 7o45’ East of the 

Greenwich meridian. It belongs to the tropical continental type 

of climate, it has two distinct seasons: the dry or harmattan sea-

son (October to March) and wet season (April to Septem-

ber). Mean monthly temperature is about 30  [13 and 11]. The 

water heater w a s  designed to suit the weather and climatic 

conditions of Zaria. 

 

3.2.1 Solar resources and weather data for Zaria: 

Solar radiation and meteorological data (maximum temperature, 

ambient temperature, minimum temperature and wind velocity 

etc.) are two very important driving functions for any solar sys-

tem design and they often seem to be highly random and irregu-

lar. Two types of solar radiation data are widely available; first is 

monthly average daily total radiation on a horizontal surface,  

and the second is hourly total radiation on a horizontal surface, , 

for each hour for extended periods such as one or more years [6]. 

The monthly average daily Meteorological data for Zaria was 

generated from weather data processor of TRNSYS 16 software 

and was used for the design analysis and simulation of the solar 

water heater. 

3.2.2 System design assumptions: 

A number of simplifying assumptions were made in order to 

model the design without obscuring the basic physical situation. 

These assumptions are as follows [6]: 

i. Performance and operation of the solar water heater assem-

bly is in a steady state. 

ii. Fluid flow inside the tubes is laminar and uniformly distrib-

uted. 

iii. Temperature drop through the glazing (covers) is negligible. 

iv. Temperature gradient through the absorber plate is negligi-

ble. 

v. Temperature gradient around the fluid passage tubes is neg-

ligible. 

vi. Effect of dust and dirt on the collector glazing are negligible. 

 

3.2.3 Design considerations: 

The solar water heater design took into cognizance the following 

important design parameters: 

i. The mean daily solar irradiation (insolation) and the mean dai-

ly heat load (requirement) was used to determine the design 

month. 

ii. Design load for the system was assumed to be constant for all 

the months (January to December). 

iii. Desired water outlet temperature, , ( ). 

iv. Volume of water to be heated (100 L or 0.1 m3) 

v. Collector tilt angle ( ): The collector will be tilted to an angle 

equivalent to  of the latitude of the location (Zaria) accord-

ing to [12]. 

 

3.3  System Design Approach 

Performance and reliability of a solar water heater requires 

proper sizing of its components as well as accurate prediction of 

the system’s performance (delivered useful energy and outlet 

temperature; solar fraction and thermal efficiency etc.). It is 

therefore, of paramount importance to properly size the system 

components; as well as determine system characteristics through 

calculation of system design parameters.  

3.3.1 Determination of design parameters: 
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The system design parameters and characteristics established 

based on equations (1) to (9) were numerically evaluated using 

programme codes developed in MATLAB (2013) programming 

language. Monthly average daily solar radiations, ambient tem-

perature and wind speed for Zaria were generated from weather 

data processor of TRNSYS 16 software and used as input data 

for the calculations. The meteorological data (monthly average 

daily radiations, ambient temperature and wind speed) for Za-

ria, Nigeria are shown in Table 1. 

Table 1 Meteorological data for location (Zaria)   

MONTH Recommende

d 

 days(n) 

𝑯  

(MJ/s.m2.day) 

𝑯 𝑻 

(MJ/s.m2.day) 

𝑯 𝒃  

(MJ/s.m2.day) 

𝑻𝒂  

(0C) 

𝑽 𝑾 

(m/s) 

JANUARY 17 2.26 2.53 2.06 26.0 2.20 

FEBRUARY 47 2.50 2.70 2.20 29.0 3.00 

MARCH 75 2.62 2.70 2.12 32.3 1.90 

APRIL 105 2.49 2.45 1.69 36.0 3.15 

MAY  135 2.05 1.96 1.17 34.0 2.05 

JUNE 162 2.01 1.89 1.08 27.4 3.10 

JULY 198 1.81 1.72 9.25 31.5 2.10 

AUGUST 228 1.70 1.66 7.94 25.5 2.15 

SEPTEMBER 258 1.95 1.98 1.14 27.0 2.60 

OCTOBER 288 2.19 2.32 1.59 29.8 2.40 

NOVEMBER 318 2.29 2.54 2.00 27.2 1.95 

DECEMBER 344 2.17 2.45 1.95 27.6 2.50 

AVERAGE  2.17 2.24 1.56 29.0 2.00 

 
 

Source: Type 9 weather data processor of TRNSYS 16 software (2017) 
 

3.3.2 Determination of design month: 

In determining the design month, it is important to note one key 

variable known as the clearness index ( ) defined as ratio of the 

monthly average daily radiation on a horizontal surface to the 

monthly average daily extra-terrestrial radiation. Simply put, the 

month with lowest clearness index is considered the design 

month. 

The clearness index, , is mathematically defined as:   

         (10) 

The design load was earlier assumed to be constant throughout 

the year, therefore, the design month was considered to be the 

month with the least solar radiation. Calculations of the system 

design parameters and subsequent components sizing was done 

based on the design month’s average daily solar radiation and 

weather data for Zaria. 

 

 

3.4 Design Parameters Optimisation and System Model Simula-

tion: 

The design parameters optimisation procedure was done in two 

parts. The first was done to study the effects and sensitivity of 

varying selected design parameters on the objective functions in 

order to determine the proper system characteristics that satisfy 

performance. Solar radiations, ambient temperature, fluid inlet 

and outlet temperatures, wind speed and monthly average daily 

system characteristics for the design month were used as input 

data into the programme codes written in MATLAB program-

ming language. These programme codes were used to study the 

effects of varying some selected system characteristics (air gap 

space, fluid passage tube diameters and absorber plate thickness) 

on the chosen system design objective functions which are collec-

tor heat removal factor, FR and top heat loss coefficient,   

The second part of the optimisation was conducted using TRN-

SYS 16 software to simulate and predict the system performance 

using different system component sizes. The software used has 

the ability to graphically visualise the effect of varying compo-

nents sizes on the system objective functions. The set of compo-

nents sizes and system design parameters, which met the system 

design load (load temperature) after simulation were chosen as 

the final adopted system design components sizes. 

3.4.1 System performance simulation: 

The system performance was numerically simulated using 

weather data based on Typical Meteorological Year (TMY) in 

TRNSYS 16 software for Zaria with the system characteristics as 

presented in Tables 2 and 3. The system schematic model used for 

the simulation is as shown in Figure 2. Results of the simulation 

are presented in section 4. 

 

Figure 2: Schematic model of the water heater in TRNSYS 16 simula-

tion studio 

 

3.4.2 Validation of Simulation Model: 

The water temperature in the storage tank and collector and the 

solar radiation measured during the experiment were used as 

validation parameters to validate the predicted system perfor-

mance obtained from the model. These temperatures were cho-

sen because they serve as important parameters to both the de-

signer and the end user. Storage tank and collector water tem-

peratures and solar radiation were measured at an interval of 
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one hour starting from 8:00 am to 5:00 pm daily for a period of 3 

days and the results were recorded. No water was taken from 

the storage tank during the process of testing; this was to facili-

tate the experimentation. 

The Nash-Sutcliffe coefficient of Efficiency (NSE) statistical 

method was employed to validate the predictive power of the 

model. This method was considered to be objective and provid-

ed unbiased indication of the model’s predictive power [9]. The 

Nash-Sutcliffe coefficient of Efficiency is defined as follows: 

     (11) 

Nash-Sutcliffe efficiencies can range from -∞ to 1. An efficiency of 

1 (NSE = 1) corresponds to a perfect match between model and 

observations. An efficiency of 0 indicates that the model 

predictions are as accurate as the mean of the observed data, 

while an efficiency less than zero (-∞<E<0) occurs when the 

observed mean serves as a better predictor than the model [10]. 

 

4.0  RESULTS AND DISCUSSION 

The results of calculations of Rb, monthly average ratio of beam radia-

tion on a tilted to horizontal surface; , monthly average extra-

terrestrial daily radiation on a horizontal surface; , monthly average 

total diffused radiation on horizontal surface; , declination; , monthly 

average sunset hour angle; , monthly average daily radiation on a hor-

izontal surface and , monthly average clearness index, are shown in 

Table 2. From Table 2, it can be seen that the value of the clearness 

index, , is above 0.65 for the months of January, February, March, 

April, October, November and December. This goes to show that for 

these months, over 65 % of the sun’s extraterrestrial radiation, , is 

received on a horizontal surface at the location under consideration 

(Zaria). The values of  , decreased to values lower than 0.65 between 

the months of May and September; with the least value of 0.4675 in 

August. August is therefore, chosen as the design month. This value of 

, for the month of August showed that the least amount of solar ener-

gy received in the location under consideration (Zaria) is in the month 

of August. The annual average value of  for the location under con-

sideration (Zaria) is 0.6248 which is a good solar potential for design of 

any kind of solar system. The variations in the average values of  can 

be attributed to the amount of cloud cover in the sky for all the months 

in question. 

 

 
Table 2 Simulated monthly solar data for Zaria 

 

MONTH Rb 

 

𝑯 𝒐 

(MJ/s.m2.day) 

𝑯 𝒅 

(kJ/s.m2.day) 

δ 

(o) 
𝝎 𝒔 

(o) 
𝑯  

(MJ/s.m2.day) 
𝑲 𝑻  

JAN 1.1578 3.24 200 -20.9170 14.0388 2.26 0.6986 

FEB 1.0741 3.33 300 -12.9546 13.5288 2.50 0.7503 

MAR 0.9871 3.46 500 -02.4177 13.3866 2.62 0.7562 

APR 0.9397 3.61 800 09.4149 13.8137 2.49 0.6892 

MAY  0.9187 3.77 880 18.7919 14.7871 2.05 0.5435 

JUNE 0.9156 3.89 930 23.0859 15.5903 2.01 0.5171 

JULY 0.9098 3.81 885 21.1837 15.1940 1.81 0.4749 

AUG 0.9612 3.64 906 13.4550 14.1386 1.70 0.4675 

SEPT 1.0008 3.48 810 12.2169 13.4757 1.95 0.5602 

OCT 1.0186 3.34 600 -9.5994 13.4286 2.19 0.6557 

NOV 1.1075 3.24 290 -18.9120 13.8664 2.29 0.7075 

DEC 1.1426 3.21 220 -23.0496 14.2646 2.17 0.6771 

AVE. 1.0111 3.50 610  14.1261 2.17 0.6248 

 
 

 
4.2.1 Air gap spacing optimisation: 

The results of varying the air – gaps L1 and L2 and the resultant effect 

on the top heat loss coefficient,  are presented in Figure 3.  

 

Figure 3: Variation of air – gap spacing  on top heat loss 

coefficient ( ) 

Figure 3 shows the result of varying the air gap spaces (L1 and L2) 

on the top heat loss coefficient, . It can be observed that 

has the highest value of 6.785 W/m2.K for a combination of 

air – gaps (L1 = 10 mm and L2 = 5 mm). L1 was maintained at 10 

mm, while L2 was again varied between 10 mm to 30 mm which 

showed a slight decrease in  from 6.785 W/m2.K to 5.293 

W/m2.K which represents a percentage decrease of 21.99 %. As L2 

was further increased from 30 mm to 50 mm, there was no fur-

ther significant decrease in as seen from the Figure (5.293 

W/m2.K to 5.198 W/m2.K which represents only 1.79 % decrease). 

This trend continued for values of L1 = 20 mm, 30 mm, 40 mm 

and 50 mm respectively and in each case, L2 was varied between 

5 mm to 50 mm respectively. Since there was no significant de-

crease in the values of  for all cases of L1 beyond 30 mm, it can 

therefore be deduced that the combination of L1 and L2 with the 

possible minimum heat loss to the surface can be taken for values 

of both L1 and L2 between 30 mm to 50 mm. This research how-

ever, adopted a combination of L1 = L2 = 30 mm because L2 also 

had its least value of  = 3.241 W/m2.K at 30 mm.  
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4.2.2 Collector tube diameter (risers and headers) optimisation: 

The effect of varying the riser tubes internal diameter ( ) on the 

collector heat removal factor, , over a range of header tubes 

internal diameters,  (0.015 m, 0.020 m, 0.025 m, and 0.030 m), 

while keeping the collector heat loss coefficient, (4.93 W/m2K), 

collector area,  (2.5 m2), tube centre to centre distance, W 

(0.010 m) and plate thickness (0.006 m) constant is shown in Fig-

ure 4. 

 

Figure 4: Variation of riser tubes internal diameters ( ) on heat 

removal factor ( ) for a range of header tubes internal diame-

ters ( ). 

 

Figure 4 shows that as  increased from 1 to 15 mm, heat re-

moval factor, , for a header tube diameter,  of 20 mm in-

creased from 0.2871 to 0.6783 which represents an increased per-

centage of 57.67 %. However, as  was further increased from 15 

mm to 20 mm with the header diameter maintained at 20 mm, 

the heat removal factor, , began to decrease from 0.6783 to 

0.4179 which represents a percentage decrease of 38.39 %. This 

trend was also observed for header diameters of 15 mm, 25 mm 

and 30 mm respectively as seen from the graph. Since, the value 

of the heat removal factor has a direct relationship with the 

thermal efficiency of the system, a combination of header diame-

ter of 20 mm and riser diameter of 15 mm gave the highest value 

of the heat removal factor of 0.6783. Therefore, these values were 

considered suitable for the system optimum performance and as 

such were selected for the design. 

 

4.2.3 Absorber plate thickness optimisation: 

The result of varying the absorber plate thickness on the collec-

tor heat removal factor for same collector characteristics are pre-

sented in Figure 5. 

 

 

 

Figure 5: Variation of collector absorber plate thickness on heat 

removal factor ( ) for a given range of collector characteristics. 

 
Figure 5 shows an increase in the value of the heat removal factor, 

, from 0.7113 to 0.7449 as the plate thickness was varied from 1 

– 6 mm which represents a percentage increase of about 3.36 %. 

Again, as the plate thickness was varied from 6 mm to 10 mm, the 

heat removal factor, , did not show any significant increase or 

decrease in value. This shows that any plate (of specified materi-

al) of thickness equal to 6 mm and above may not significantly 

affect the performance of the system, once all other parameters 

are as required. Therefore, in order to cut down system cost and 

at the same time maintain system desired performance, commer-

cially available absorber plate of size 6 mm thick (Aluminium 

plate) was selected for the design. 

 

4.3 System design parameters and characteristics: 

Table 3 and Table 4 show the final system characteristics and 

design parameters selected for the system performance simula-

tion using TRNSYS 16 software. 

Table 3: System characteristics 

Description Value/Type 

Total aperture area 2.500 m2 

Tank diameter 

Storage tank capacity 

0.480 m 

100 litres 

Riser tubes material Copper 

Number of riser tubes 12 

Absorber plate thickness 0.006 m 

Internal tube diameter (risers) 0.015 m 

External tube diameter (headers) 0.020 m 

Thermal conductivity of insula-

tion material 

0.080 W/mK 

Thermal conductivity of absorber 

plate material 

225 W/mK 

Insulation thickness 0.050 m 

Absorber surface painted matt black 

Glass type 4 mm low iron glass 

Collector insulation fibre glass wool 50 

mm thick (sides and 

back) 
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Table 4: System final adopted design parameters and components sizes 

Parameter Description Value/Type 

𝐴𝐶  Collector area (m2) 2.500 

𝐹𝑅 𝜏𝛼 𝑛  Intercept of efficiency vs. (Ti-Ta)/IT curve 0.770 

𝐹𝑅𝑈𝐿  Negative of slope efficiency vs. (Ti-Ta)/IT (kJ/hm2℃) 4.700 

𝛽 Collector slope (degrees) 12 

𝑁𝑅  Number of parallel collector risers 12 

𝑑𝑅  Riser diameter (m) 0.015 

𝑑𝐻  Header diameter (m) 0.020 

𝑙𝐻  Header length (m) 1.300 

ℎ𝑐  Vertical distance between collector outlet and inlet (m) 0.330 

ℎ𝑜  Vertical distance between outlet of tank and inlet of collector (m) 0.390 

𝑑𝑖  Collector inlet tube diameter (m) 0.025 

𝑑𝑜  Collector outlet tube diameter (m) 0.025 

𝐿𝑜  Collector outlet pipe length (m) 0.350 

𝐿𝑖  Collector inlet pipe length (m) 1.500 

𝑁𝐵1 

𝑁𝐵2  

Number of right angle bends in inlet pipe 

Number of right angle bends in outlet pipe 

2 

2 

𝑉𝑡  Tank volume (m3) 0.150 

𝐻𝑡  Tank height (if vertical) or length (if horizontal) (m) 0.900 

𝐻𝑅  Height of collector return to tank above bottom of tank (m) 0.480 

 
 

Table 4: System final adopted design parameters and compo-

nents sizes 

Parameter Description Value/ 

Type 

 Collector area (m2) 2.500 

 Intercept of efficiency vs. (Ti-Ta)/IT 

curve 

 

0.770 

 Negative of slope efficiency vs. (Ti-

Ta)/IT (kJ/hm2 ) 

 

4.700 

 Collector slope (degrees) 12 

 Number of parallel collector risers 12 

 Riser diameter (m) 0.015 

 Header diameter (m) 0.020 

 Header length (m) 1.300 

 Vertical distance between collector 

outlet and inlet (m) 

 

0.330 

 Vertical distance between outlet of tank 

and inlet of collector (m) 

 

0.390 

 Collector inlet tube diameter (m) 0.025 

 Collector outlet tube diameter (m) 0.025 

 Collector outlet pipe length (m) 0.350 

 Collector inlet pipe length (m) 1.500 

 

 

Number of right-angle bends in inlet 

pipe 

Number of right-angle bends in outlet 

pipe 

 

2 

 

2 

 Tank volume (m3) 0.150 

 Tank height (if vertical) or length (if 

horizontal) (m) 

 

0.900 

 Height of collector return to tank above 

bottom of tank (m) 

 

0.480 

 
4.4 Comparison of Simulated Results with Experimented Results: 

The experimented (measured) hourly solar radiation, ambient 

temperature, tank inlet temperature and collector inlet tempera-

tures were all compared with their simulated (predicted) coun-

terparts from the model (Type 109 weather data processor of 

TRNSYS 16 software) and the results of these comparisons are 

shown in Figures 5 to 7. 

Figure 5 shows that the model slightly over estimated the hourly 

solar radiation for most parts of the day for the location under 

consideration (Zaria) on November 10, 2016. However, the com-

puted Nash-Sutcliffe coefficient of Efficiency (NSE) value of 

0.8886 between the measured (experimented) solar radiation and 

the simulated solar radiation indicated that the error was little 

and that the model was 88.86 % accurate in predicting the actual 

solar radiation on November 10, 2016. The simulated and exper-

imented solar radiations recorded on November 11, 2016 and 

November 12, 2016 respectively follow the same trend as pre-

sented in Figures 6 and 7 respectively with the simulated hourly 

solar radiations being slightly higher than the experimented 

hourly solar radiations. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 5: Comparison of hourly solar radiation of Zaria recorded 

during experiment with values obtained from simulation on No-

vember 10, 2016 

 

Figure 6: Comparison of hourly solar radiation of Zaria recorded 

during experiment with values obtained from simulation using 

TRNSYS 16 software on November 11, 2016. 

 

 
Figure 7: Comparison of hourly solar radiation of Zaria recorded 

during experiment with values obtained from simulation using 

TRNSYS 16 software on November 12, 2016. 

 

The variation of the storage tank and collector hourly inlet 

temperatures recorded during the experiment in comparison 

with the simulated ones for November 10, 2016 are presented in 

Figure 8. Figure 8 shows an increase in the experimented tank 
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inlet temperature from an initial value of 33  at the start of the 

experiment at 8:00 am reaching its peak value of 100  at 2:00 

pm. This temperature started to decrease after 3:00 pm to a value 

of 66  at the end of the experiment at 5:00 pm. The variation in 

hourly collector inlet temperature also followed the same trend, 

with maximum value of 72  recorded at 2:00 pm. 

 

 
Figure 8: Comparison of experimented hourly inlet temperatures 

of storage tank and collector with simulated values for November 

10, 2016. 

 

4.5 Analysis of the Predictive Power of the TRNSYS 16 Simula-

tion Software: 

 

Table 5 shows the summary of the results of statistical analysis 

(NSE) used to analyse the predictive ability of the system model 

(TRNSYS 16 software) based on the simulated and experimented 

hourly solar radiation, storage tank inlet temperatures and collec-

tor inlet temperatures for November 10, 2016 to November 12, 

2016. 

 

Table 4.7: Results of statistical analysis (NSE) 

DESCRIPTION NSE 

 Solar radiation for November 10, 2016 0.8886 

 Storage tank inlet temperature for November 10, 

2016 
0.9656 

 Collector inlet temperature for November 10, 2016 0.9528 

 Solar radiation for November 11, 2016 0.8983 

 Storage tank inlet temperature for November 11, 

2016 
0.9763 

 Collector inlet temperature for November 11, 2016 0.9335 

 Solar radiation for November 12, 2016 0.9230 

 Storage tank inlet temperature for November 12, 

2016 
0.9749 

 Collector inlet temperature for November 12, 2016 0.9426 

Table 5 shows an NSE value of 0.8886 between the simulated and 

experimented hourly solar radiations for November 10, 2016. 

This NSE value of 0.8886 indicates that the model was able to 

predict the hourly solar radiations with 88.86 % degree of accura-

cy. Table 5 also shows an NSE value of 0.9656 between the simu-

lated and experimented results. This NSE value of 0.9656 indi-

cates that the model was able to predict the hourly storage tank 

inlet temperature with 96.56 % degree of accuracy. This also im-

plies acceptable quality of fit between the experimented data and 

the simulated data since, the closer the NSE value is to 1 (one), 

the better the predictive power of the model [9]. An NSE value of 

0.9528 between the simulated and experimented collector inlet 

temperatures on November 10, 2016 was also presented. This also 

shows that the model was able to predict the hourly collector 

inlet temperatures with 95.28 % degree of accuracy. 

 

5.0  CONCLUSION 

A solar water heater designed and optimised based on weather 

data for Zaria, (latitude 11.12 °N and longitude 7.8 °E), hot water 

storage capacity of 0.1m3 and desired water outlet temperature of 

70  at the department of Mechanical Engineering, Ahmadu Bel-

lo University, Zaria, Nigeria. The results of this research had led 

to the following conclusions: 

1. The parametric study (optimisation) carried out on some se-

lected system components (air – gap space, collector tube 

diameters and absorber plate thickness) revealed that the 

design objective functions (heat removal factor, , and top 

heat loss coefficient, ) were affected in the following 

ways: 

a. The top heat loss coefficient, , decreased as both 

the lower ( ) and the upper ( ) air – gaps were varied 

from 5 mm to 50 mm until a combination of and  

( ) which gave the least top heat loss co-

efficient of 3.241 W/m2.K was achieved. It was there-

fore, concluded that for the system to have a possible 

minimum heat loss to the surface, a combination of 

lower and upper air – gaps ( ) was 

adopted. 

b. Varying the collector tube internal diameters (for risers 

and headers) also had effect on the heat removal fac-

tor, . As the riser diameters were increased from 1 to 

15 mm, there was noticeable increase in the value of , 

from 0.2615 to 0.6548 (about 60.1 %) while maintaining 

the header diameter at 20 mm. However, increasing 

the riser diameter 16 to 20 mm and still maintaining 

the header diameter at 20 mm reveals a decrease in the 

value of  from 0.6136 to 0.3917 (about 36.16 %). It 

was concluded from the study that, system optimum 

performance was achieved with a combination of riser 

diameter of 15 mm and header diameter of 20 mm. 

c. The heat removal factor  increased from 0.7113 to 

0.7449 (about 4.51 %) as the plate thickness was varied 

from 1 to 6 mm. However, increasing the plate thick-
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ness beyond 6 mm, showed no significant change in 

the value of   which led to the conclusion that opti-

mum system performance coupled with the least cost 

of absorber can be achieved with an absorber plate of 

thickness 6 mm of specified material (Aluminium). 

2. Hourly simulated and experimented system efficiencies 

were studied for the three (3) days in which the experiment 

was conducted and they followed similar trends with the 

simulated system efficiencies being higher than the experi-

mented efficiencies from start (8:00 am) to the end of the ex-

periment around 5:00 pm for the three (3) days. The average 

daily simulated/experimented efficiencies for the three (3) 

days were 60 %/58 %, 59 %/56 % and 56 %/53 % respective-

ly. This difference in performance can be largely attributed 

to the fact that the data used for the simulation were strictly 

based on assumptions while the actual/measured data were 

used for the experiments. 
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