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A B S T R A C T  
 

The effect of solar collector configurations on the thermal efficiency of an active solar water heater was 
investigated using TRNSYS in this study. Two versions of a solar heater were formulated on the basis of 
serpentine and riser-header flat plate configurations. Both models were simulated based on the same 
parameters and weather conditions. Besides, in accordance with clear sky and cloudy sky conditions, a 
parametric analysis was performed to determine the impact of varying parameters on the thermal efficiency of 
the two models. The results showed that the serpentine-based device model provided about 2.62 % more 
usable thermal energy than the riser-header configuration. In addition, both models demonstrated the same 
response and sensitivity to changes in the collector area and the volume of the tank. However, on a cloudy day, 
the efficiency of serpentine showed a significant improvement and sensitivity to flow variance with an 
efficiency gap of about 30 % to the riser header configuration. 
 

https://doi.org/10.30501/jree.2020.251190.1150 

1. INTRODUCTION* 

Solar Water Heaters (SWHs) are used to convert solar energy 
into heat for both domestic and industrial purposes [1, 2]. This 
technology eliminates our decade-old dependency on 
traditional heat sources and thereby, reduces greenhouse gas 
emissions by reducing electricity consumption for thermal 
energy requirements [3]. However, due to its original higher 
cost and lower thermal performance than the traditional 
energy system, the use of this technology is not widely 
adopted. Most customers would want to know their monthly 
saving if they were to convert to solar-powered systems. One 
major factor influencing the thermal efficiency of the collector 
is energy loss over time. Interestingly, heat loss in solar 
collectors is significantly governed by the nature of flow in 
the collector tubing [4]. On the other hand, the nature of flow 
and its distributions is a function of the shape and geometry of 
the collector fluid passage [5]. Minimizing heat loss in the 
solar collector increases the rate at which the solar energy 
occurring in the collector transforms into usable thermal 
energy [6]. Consequently, considerable studies have been 
conducted to address this problem. 
   To evaluate the effect of flow rate on the technology and 
economy of flat plate solar water heating systems, Plaza et al. 
[4] suggested that a high flow rate would lead to higher solar 
fractions than a low flow rate. However, the energy 
                                                           
*Corresponding Author’s Email: selfajohnspn@gmail.com (S.J. Zwalnan) 
  URL: http://www.jree.ir/article_122814.html 

consumption of a pump outweighs the gains of using a high 
flow rate. They, therefore, concluded that a careful search for 
the proper flow rate to increase the solar fraction and reduce 
the energy consumption is necessary. 
   Kim et al. [7] analyzed the thermal performance of the flat 
plate solar collector based on different shapes of the collector 
tubing. The goal of their study was to investigate the flow 
distribution of rectangular, triangular and trapezoidal cross-
sections of the collector tubing. Their result revealed that fluid 
flow in the collector tube with a triangular cross-section was 
more uniform than the rectangular and trapezoidal sections. 
Also, in another research, [8, 9] found that the modification of 
the absorber plate of the primary flat plate collector to a V-
groove absorber plate resulted in better thermal performance 
of the solar collector. Again, they also found that the thermal 
performance would be better enhanced if the v-groove was 
made smaller. Jahangiri et al. [10] evaluated the feasibility of 
the application of solar water heater for space heating and 
supply of sanitary hot water at 60 °C for a household of 4 
persons in 10 provinces of Canada. The study employed the 
T*Sol simulation software. The findings of the study showed 
that solar water heater held the potential of reducing the 
energy demand for hot water in the residential household of 
Canada by an average of 88.7 % across the ten provinces 
studied. However, the simulated performance revealed that the 
system was only capable of supplying an average of 19.18 % 
of spacing heating demand across the ten studied locations. In 
a similar study using TSOL, Pahlavan et al. [11] showed that 
the use of solar water heater in 37 stations in Algeria could 

https://doi.org/10.30501/jree.2020.251190.1150
https://doi.org/10.30501/jree.2020.251190.1150
https://en.merc.ac.ir/
https://creativecommons.org/licenses/by/4.0/
http://www.jree.ir/
https://doi.org/10.30501/jree.2020.251190.1150
https://doi.org/10.30501/jree.2020.251190.1150
mailto:selfajohnspn@gmail.com
http://www.jree.ir/article_122814.html


S.J. Zwalnan et al. / JREE:  Vol. 8, No. 2, (Spring 2021)   21-30 
 

22 

lead to an annual saving rate of 56783kg/yr of CO2 in these 
locations. 
   Another study by [12] studied the effect of collector 
arrangement on the thermal performance of a flat plate solar 
collector. In their conclusion, they agreed that poor collector 
performance was an indication of an inherently flawed sizing 
and geometric consideration. Touaba et al. [13] proposed the 
incorporation of lubricating oil as the absorber plate for a solar 
water heater integrated with storage tank. Similarly, Hussein 
et al. [14] enhanced, the  thermal performance of a flat plate 
solar collector using a novel combination of covalent 
functionalized multi-wall carbon mixed by pure water as the 
working fluid. 
   A study to investigate the effect of collector configurations 
on the thermal performance of the photovoltaic solar thermal 
energy system was conducted in [9]. In this study, the effect 
of the collector configuration and the orientation of the 
building were studied. An extensive review of the various 
studies conducted in the area of enhancing the thermal 
performance of solar collectors using nanofluid as working 
fluid in collectors’ tubes was conducted in [15, 16]. In their 
approach, various properties of the fluid were investigated to 
determine the sensitivity of the system to change in nanofluid 
properties. The results of this study showed that molecular 
structure, hybrid nanofluid content, ingredients, particle shape, 
temperature, PH value, the concentration of particle volume, 
and stability of nanofluid had a significant impact on the 
thermal efficiency of the system. A numerical solution to 
determining the optimal design parameters of a solar flat plate 
collector designed to supply hot water was developed in [17]. 
Matlab software was used to model the time-dependent 
behavior of the flat plate collector. The sensitivity study 
shows that the temperature of the heated water and the total 
coefficient of heat loss decreased with an increase in the water 
flow rate. The study concluded that the system’s flow rate was 
also a significant indicator of the optimum number of solar 
collector tubes needed to give the maximum collector outlet 
water temperatur.Analytical solution to the energy balance of 
a solar flat plate air heater using the climatic data variables of 
Jeddah was modeled in [18] to study the thermal performance 
of a collector. In this study, a computer model of the collector 
was used to investigate the effect of collector dimension on 
the collector outlet air temperature. The developed model also 
investigated the effect of selective coating materials on the 
solar air heater output temperature. The result showed that the 
solar air collector coated with nickel-tin outperformed the 
collector coated with galvanized iron-copper oxide or nickel 
rhodium black or galvanized iron-cobalt oxide and iron coated 
with nickel. When comparing the modelled outcome with the 
measured results, an error of 7.7 % between the modeled 
output and the experimental performance was also observed. 
The authors, therefore, concluded that the average annual 
production of the selectively coated nickel-tin absorber was 
29.23 % higher than that of the black painted absorber. In one 
study, Sachit et al. [19] modeled and simulated the 
performance of a flat plate solar collector designed to have 
both the serpentine and the riser-header tube pattern. Also, 
they compared the performance of the proposed PVT collector 
with the basic serpentine tube design collector. The result of 
their findings showed a decrease in the cell temperature with a 
decrease of about 2 % in the thermal efficiency of the 
proposed configuration than the serpentine tube pattern 
configuration. However, a less than 0.04 % improvement to 

the electrical efficiency of the proposed configuration was 
observed. 
   Similarly, different studies have been conducted by many 
researchers to determine the economics of adopting solar 
water heating systems for both domestic and industrial 
applications [10, 20, 21]. In general, a common conclusion is 
that solar water heating systems have long-term economic and 
environmental benefits when compared to the conventional 
energy systems [22-24]. 
   Despite the large volume of research conducted to enhance 
the thermal performance of the flat plate solar collector, little 
or no study has provided a side by side thermal assessment of 
the flat plate collector on an annual basis. Therefore, this 
research employs a simulation-based approach to evaluate the 
side by side annual performance of the active solar water 
heater based on the serpentine and header-riser configurations 
in the typical tropical climate (Nigeria). The goal here is to 
assess and compare the influence of collector configuration on 
the annual thermal output of the heating system in the tropical 
savannah climate. Additionally, the modeled system was then 
constructed and tested in order to validate system 
performance, as predicted by the model. The performance of 
the system was determined experimentally under the weather 
and solar condition of Jos, Nigeria. 
 
2. MATERIALS AND METHODS 
2.1. System description 
The system consists of a flat plate solar collector with a total 
collector area of 1.5 m2 which is divided into two sections. In 
the first section, the collector tubing of the fluid passage is 
designed based on the risers-header pattern, as shown in 
Figure 1a. The second section, the fluid channel, is designed 
in a serpentine pattern, as shown in Figure 1b. Both sections 
of the collector are distinctively connected to a separate water 
storage tank of volume 0.03 m3 (30 litres) through the PVC 
connecting pipes, thereby creating two independent closed-
loop systems. The water in each closed loop is circulated 
employing a direct current pump powered by a 60 watts solar 
panel. Notably, the two sections of the collector are covered at 
the top with a single glass through the entire collector. 
Consequently, the two sections are identical in all design 
parameters, as depicted in Table 1. Since water circulation in 
the system is done through solar pump powered by the solar 
panel, the natural control ensures that the water is circulated 
when solar energy falling on the PV module is adequate to 
produce electrical power. This control is cost-effective and 
straightforward and eliminates significant costs involved in 
flow control of solar active water heaters. Figure 2 is the 
assembled configuration of the proposed solar energy system 
to be modeled and experimentally evaluated. 
 
2.2. Working principle 
When solar radiation from the atmosphere falls on the 
collector, the absorber plate within the collector is 
considerably heated to a higher temperature. Consequently, 
the heat absorbed by the absorber plate is transferred to the 
circulating fluid (usually water in the direct heating method) 
flowing through the collector tubing (usually made of copper 
tubes) attached to the absorber plate. The heated water in the 
collector returns to the top of the storage tank at a higher 
temperature. The pump again draws water from the bottom of 
the tank and pumps it back into the collector, and the entire 
process is repeated until the sun goes down [25]. 
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(a) 

 
(b) 

Figure 1. Collector tubing of (a) header-riser section of the collector 
and (b) serpentine section of the collector 

 
 

 
Figure 2. An assembled configuration of the solar water heating 

system 

The process is self-controlled because the pump will continue 
circulating the water until there is no radiation from the sun. 
The heated water can be reheated by other forms of 
conventional heaters when the solar system does not meet up 
the water temperature requirement. 
 
2.3. The flat-plate energy model 

In a steady-state, the Hottel-Whillier-Bliss (HWB) 
mathematical models and energy balance equations 
numerically characterize the thermal behavior efficiency of 
the flat-plate solar collector. At a given moment, the rate of 
useful energy gain from the solar collector is the positive 
difference between the energy absorbed by the plate and the 
energy lost to the atmosphere by the collector, as defined by 
Eq. (1) [26]. 

Qu̇ = FR[S − UL(Ti − Ta)]+                                                             (1) 

   The plus superscript means that only positive values of the 
terms are to be used in the square bracket. The absorbed 
radiation must therefore be greater than the thermal losses, as 
shown in Figure 3, in order to achieve practical benefits 
greater than zero. 

 

 
Figure 3. Illustrating the energy balance of a solar collector [27] 

 
   In Figure 3, S, UL, Ti and Ta are the energy absorbed by the 
absorber plate, the collector overall heat loss coefficient, 
circulating fluid collector inlet temperature, and the 
temperature of the surrounding where the collector is placed, 
respectively. FR is called the collector heat removal factor. FR 
is similar to the heat exchanger effectiveness. For a header-
riser flat-plate collector, the collector heat removal factor can 
be expressed as in Eq.(2) [26]: 

FR = ṁCp
AcUL

�1 − exp �−AcULF′

ṁCp
��                                                          (2) 

where F′ is the collector efficiency factor expressed as 
follows: 

F′ = 1/UL
W� 1

UL�Di+�W−Di�F�
+ 1
Cb
+ 1
πDihfi

�
                                                           (3) 

   F is the standard fin efficiency for straight fins with a 
rectangular profile, given as: 

F =
tanh�m

�W−Di�
2 �

m�W−Di�
2

                                                                               (4) 

where 
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m = �UL
Kδ

                                                                                           (5) 

   Moreover, UL is the overall heat loss coefficient for a flat 
plate collector and it is composed of the top loss coefficient, 
the edge loss coefficient, and the back loss coefficient. The 
relation for collector overall heat loss coefficient, UL, is 
expressed as: 

UL = Ut + Ue + Ub                                                                           (6) 

   Duffie and Beckman [12] made an approximate reference to 
the top loss coefficient of the collector as: 

 Utop = A + B                                                                                   (7) 
 

A =
1
NG

C
Tpm

�
Tpm−Ta
NG+f

�
e
+ 1
hw

 

 

B =
�σ(Tpm2 + Ta2)��Ta + Tpm�
1

εp+0.00591NGhw
 + 2NG+f−1+0.133εp

εg
−NG

 

where 

f = �1 + 0.089hw − 0.1166hwεp�(1 + 0.07866NG)                    (8) 
 
C = 520[1− 0.000051β2]                                                             (9) 
 

e = 0.430 �1 − 100
Tpm

�                                                                      (10) 

 
hw = 2.8 + 3V                                                                                (11) 

   The extent of the conduction loss at the back of the collector 
is such that the radiation is insignificant. Thus, Duffie and 
Beckman approximated the back loss, as expressed in 
Equation (12). 

Ub = Kbi
xbi

                                                                                           (12) 

   The edge loss calculated by assuming one-dimensional 
sideway heat flow around the collector system’s perimeter is 
expressed as: 

Ue = Kei
xei

Ae
AC

                                                                                      (13) 

 
2.4. Evaluation of collector performance indicators 

The efficiency matrix of a collector is the parameter that 
determines how efficiently the collector transforms the total 
solar energy it absorbs into either thermal energy or electrical 
energy. The collector efficiency is defined as the ratio of the 
useful energy from the collector to the total radiation incident 
on the collector area. This performance matrix of the collector 
depends on many factors ranging from collector configuration, 
collector materials and its operating conditions. Theoretically, 
the thermal efficiency of the Flat Plate Collector (FPC) is 
expressed as follows: 

ηcoll = Qu
HTAc

= FR[HT(τα)−UL(Ti−Ta)]+ 
HT

                                            (14) 

   Eq. (15) is essential and useful for the realistic assessment of 
collector efficiency based on the technical data of 

manufacturers of commercially obtained solar collectors. 
However, in this study, the simulated collector efficiency was 
evaluated through Eq. (14): 

ηcoll = a0 − a1 �
Ti−Ta
HT

� − a2 �
Ti−Ta
HT

�
2
                                               (15) 

 
where a0 is the optical efficiency and a1 and a2 represent the 
first- and second-degree heat loss coefficients obtained by the 
manufacturer during the indoor testing based on the specific 
tested flow rate. According to Soteris [27], the value of the 
optical efficiency 𝑎𝑎0 and loss coefficient 𝑎𝑎1 of good collectors 
lies within 0.762 and 0.2125, respectively. Under outdoor 
testing, it is practical to evaluate the collector efficiency based 
on Eq. (16) which is the ratio of the quantity of heat received 
from the fluid exiting the collector and the total amount of 
solar energy received per unit area of collector in the period 
usually considered as one hour, where V is the volumetric 
flow rate of the fluid in the collector and Tout and Tin are the 
measured outlet and inlet temperatures of the collector. 

ηcoll = ρCpV(Tout−Tın)̇

AHT
                                                                        (16) 

 
2.5. System design and simulation 

For the design of the systems, a simulation-based approach 
using TRNSYS software was adopted. In the TRNSYS 
simulation studio, two models of solar water heating systems 
have been built (see Figure 4). A serpentine, flat plate 
collector was used as the heating unit in the first model, while 
the second version used a riser-header flat solar collector as 
the heating unit. All other system design parameters and 
dimensions are the same for both systems, as seen in Table 1. 
Figure 4 shows the monthly average daily solar and ambient 
condition of Jos Nigeria (latitude 9.8965° N, Longitude 
8.8583° E) under which the modeled systems have been 
simulated and evaluated. Figure 5 is a schematic of the models 
of the two systems developed in the TRNSYS simulation 
studio. The system model was used to simulate and assess the 
annual performance of the system. From Figure 4, the months 
of June to August had a lower level of solar radiation. This 
finding was not unexpected as these months correspond to a 
period with a high amount of rainfall. Therefore, the sky is 
mostly covered with heavy cloud. 

 

 
Figure 4. Monthly average daily solar irradiance and ambient 

temperature of Jos, Nigeria 

0 2 4 6 8 10 12

Months of the year

20

25

30

A
m

b
ie

n
t 

te
m

p
e

ra
tu

re
 (

o
C

)

4

6

8

A
v
e

ra
g

e
 d

a
ily

 i
rr

a
d

ia
n

c
e

 (
k
W

h
/m

2
)

Ta

H
T



S.J. Zwalnan et al. / JREE:  Vol. 8, No. 2, (Spring 2021)   21-30 
 

25 

 
Figure 5. TRNSYS model of the solar water heating system based on the riser-header and serpentine collector configurations 

 
The components of the systems model developed are selected 
from the TRNSYS simulation studio library. Afterwards, each 
component is assigned parameters as defined in Table 1. 
Besides, the output of each component that serves as inputs is 
transmitted through the connectors to other components. 

Interestingly, some components usually have inputs for 
control. With this control input, the designers can decide how 
and when this component should operate. A summary of the 
components and their use and function in this modeling is 
presented in Table 2 below. 

 
Table 1. System parameters and characteristics 

No. Parameters Serpentine flat plate Riser flat plate Unit 
1 Collector length 1.0 1.0 m 
2 Collector width 0.8 0.8 m 
3 Absorber plate thickness 5 5 mm 
4 Conductivity of absorber material 243 243 W/m.K 
5 Number of serpentine bends/Number of risers 8 8 - 
6 Tube spacing 8 8 cm 
7 Serpentine/riser length 0.75 0.75 m 
8 Inner tube diameter 1.5 1.5 cm 
9 Outer tube diameter 2.0 2.0 cm 

10 Fluid specific heat 4.190 4.190 kJ/kg.K 
11 Absorptance of the absorber plate 0.94 0.94 Fraction 
12 Emissivity of the absorber plate 0.15 0.1'5 Fraction 
13 Number of identical covers 1 1 - 
14 Index of refraction of cover 1.526 1.526 - 
15 Collector tilt 17 17 Degrees 
16 Pump rated flow 72 72 Kg/hr.m2 

              Source: Author design parameters 
 
 

Table 2. Summary of the components used in the simulation 

Name in studio Type No. in library Function 
Weather Type 15 Serving as a function of processing the weather data of a location from an external 

weather data file at a given time step and making it accessible to other TRNSYS 
components. 

Serpentine collector Type 565 This component is a model flat solar plate collector where the tube winds up the 
collector absorber plate in a serpentine fashion. 

Riser-header 
collector 

Type 564 This component is a model flat solar plate collector where the tube connects to the 
collector absorber plate in a riser-header fashion. 

Tank 1&2 Type 534 This subroutine models a fluid-filled, constant volume storage tank. 
Riser/serpentine 

Exptl data 
Type 14 Type-14 is entirely general; this component can be used to output a set of numbers 

that fits an individual purpose. The output is dimensionless. 
Equation blocks Not in the library This component is a means to write scripts that evaluate the entire system 

performance or control entire or specific component or to parameterize the model. 
plotters and printers Type 65 and 25 The plotter enables visualization of the system performance, while the printer saves 

the results into an external file. 
Integrator Type 24 It is a utility component used to process the output of simulation by integration of 

the output in a specific period. 
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2.6. Parametric analysis 

The TRNedit (a TRNSYS engine that enables parametric 
studies) was employed to conduct parametric analysis in order 
to understand the sensitivity of the two solar collector models 
to changes in conditions and parameters.  As a result, the three 
input parameters, namely the collector flowrate, collector area, 
and tank capacity, are considered as variables in the TRNSYS 
model. Consequently, a new input file called the deck file is 
generated and the TRNedit is now executed to simulate the 
system based on a range of parameters, as shown in Table 3. 
The results obtained are discussed in Section 3 in this paper. 
The parametric study is conducted under two weather 
conditions in order to understand the importance of the 
volume and quality of solar radiation in the thermal operation 
of the system. Therefore, the analysis of the parameters was 
carried out on the basis of the day with a sunny sky and high 
radiation and the cloudy day with low solar radiation. 

 
Table 3. Range of parameters for system parametric studies 

No. Collector area 
(m2) 

Volume of tank 
(m3) 

v flow rate 
(kg/hr) 

1 0.7 0.03 50.00 
2 0.8 0.04 70.00 
3 0.9 0.05 90.00 
4 1.0 0.06 110.00 
5 1.1 0.07 130.00 
6 1.2 0.08 150.00 
7 1.3 0.09 170.00 
8 1.4 0.10 200.00 

  Source: Author 
 
2.7. Description of the experimental setup and 
procedure 

To compare the simulated performance of the system with that 
of the experimental system, the solar heater was constructed 
(see Figure 6) based on the simulated parameters shown in 
Table 1. The constructed solar water heating system was 
installed at the Plateau State Polytechnic Clinic, and the 
outdoor thermal performance of the systems was 
experimentally measured. The K-type digital thermocouple 
with a temperature range of -10 oC to 1200 oC ± and 0.04 % 
uncertainty was mounted at the collector water inlets and 
outlets of the two systems to measure the outlet and inlet 
temperatures of the collectors simultaneously at a time 
interval of 1 hour starting from 8.00 a.m. to 5.00 p.m. for a 
day in November. 
   Within the test period, 0.043 m3 of water was poured into 
the storage tank before 7.00 a.m. Notably, there is no water 
drawn from the tank during the experiment to simplify the 
experimental setup. Furthermore, in each day experiment, the 
water tank was emptied and charged with fresh water. 
Moreover, the water circulation pump, which is powered by a 
solar panel, only runs or circulates water when the solar panel 
generates enough solar energy. This principle is adopted to 
circulate the water only when solar energy is available. 
 
2.8. Validation of simulated and predicted 
performances 

The Nash-Sutcliffe Coefficient of Efficiency (NSE) as 
expressed through Equation (17) [28] was employed to 
compare the simulated and experimental results so that the 

simulated model could be validated. The Nash-Sutcliffe 
Coefficient of Efficiency (NSE) is defined as follows: 

NSE = 1 − ∑ �Xobs,i−Xmodel,i�
2n

i=1

∑ �Xobs,i−X�obs�
2n

i=1
                                                       (17) 

where Xobs is the observed value, Xmodel is the modeled value 
at time/place i., and X�obs is the mean of the observed values. 
The value of the NSE ranges from -∞ to 1. The determined 
NSE value of 1 indicates the exact fit between the model and 
the experimental values. The closer the NSE value is to 1, the 
greater the predictive ability of the model used to simulate the 
actual performance of the system will be. 

 

 
Figure 6. The developed and installed solar heating experimental 

setup 
 
3. RESULTS AND DISCUSSION 

3.1. Simulated system performance and analysis 

The collector inlet temperature significantly affects the 
collector capacity to convert the absorbed solar energy to 
useful energy, as seen in Equation (1). Figure 7 shows the 
simulated variation of inlet temperature from 8.00 a.m to 5.00 
p.m for 18th/11/2017 for the modeled collector configurations. 
According to Figure 7, the temperature behavior of the solar 
collector slightly differs in terms of the two configurations. 
The serpentine collector shows greater gain in useful energy 
evident by the higher inlet temperature than the riser-header 
collector. This observation is attributed to the collector tubing 
configuration of the serpentine collector. The spiral patterns of 
the tubing for the serpentine collector allow the fluid to travel 
a longer distance in the collector before exiting the collector. 
Consequently, the heat gain by the fluid is higher for the 
serpentine than the riser-header collector. According to Figure 
6, as the collector inlet temperature increases, the collector 
efficiency for both the serpentine and the riser header 
collector decreases. Figure 7 also shows that the collector 
efficiency of the riser-header collector is slightly lower than 
that of the serpentine collector. The difference in collector 
efficiency of the two collectors is not significant, owing to an 
adequate level of solar radiation on 18/11/2017. However, to 
ascertain this claim, the parametric analysis of the effect of 
environmental variables on the collector performance was 
carried out under two weather scenarios: clear sky and cloudy 
sky, as presented in the subsequent section. 
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Figure 7. Collector inlet temperature and corresponding efficiency 

for both serpentine and riser-header collectors 
 
The temperature characteristics of the two configurations, as 
shown in Figure 6, have not provided significant signs of a big 
difference between the serpentine and riser-header collector 
configuration. This assertion supported by the claim of Deng 
et al. [29] in their findings using Computational Fluid 
Dynamic (CFD) to calculate the absorber plate temperature of 
the serpentine and the header-riser configurations of the solar 
collectors at different collector inlet temperatures. As a result, 
the analysis of the monthly average daily useful energy of the 
two collectors is carried out from the simulation result as 
given in Figure 8. According to this figure, it is clear that the 
serpentine solar collector has higher useful thermal energy 
than the header-riser configuration. Concerning the header-
riser collector, although Deng et al. [29] showed superior 
thermal efficiency to the serpentine, the author concluded that 
the insertion of the flexible silicon tubing in the serpentine 
tubing was responsible for the reduced efficiency. According 
to the result of our study and based on the weather condition 
of the study location (Jos, Nigeria), the annual average useful 
energy of the serpentine collector was found 2.63 % higher 
than that of the header-riser collector, as seen in Figure 8. 
Besides, the monthly analysis of the percentage of the 
difference in useful energy, as shown in Figure 8b, revealed 
that the efficacy of the serpentine collector over the riser-
header is more significant in months with low solar radiation. 
This result, therefore, implies that in locations with massive 
cloud cover, the serpentine collector would strive better than 
the riser-header collector. 
 
3.2. Collector sensitivity to variance in parameters 

For further exploration, the differences in thermal 
characteristic between the serpentine collector and the riser, 
header flat plate solar collector, the effect and sensitivity of 
the two collectors to varying flowrate, tank volume and 
collector area keeping other condition constants were 
investigated. Figure 9 shows the response and sensitivity of 
the two collectors to variance in the collector area while 
keeping all other parameters constant both for a day with clear 
sky and a cloudy day. According to Figure 9, for both 

collectors, the efficiency of the collector decreases with 
increase in collector area, while the load and other parameters 
remain the same. Nonetheless, it is again evident that the 
serpentine collector shows higher efficiency for both the 
sunny and cloudy days. Notably, both collectors show the 
same level of responsiveness to the changes in the collector 
area as the efficiency line for both collectors exhibits almost 
the same gradient. 

 

 
Figure 8. Monthly average daily useful energy and percentage 

difference in gain of the two collectors 
 
 

 
Figure 9. Effect of collector area on the efficiency while keeping 

other parameters constant 
 
   Again, in Figure 10, the graph shows a positive relationship 
between the collector efficiency and the tank volume. An 
increase in tank volume is observed to lead to an increase in 
collector efficiency. However, the serpentine collector still 
shows higher efficiency than the riser-header collector 
configuration. Figure 11 shows the variation and sensitivity of 
the serpentine and the riser-header collector to increase in 
circulation rate of fluid flow. According to the graph, the 
riser-header did not show any significant change in the 
collector efficiency with increasing flow rate for both clear-
sky and cloudy sky days. 
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Interestingly, in Figure 11, the serpentine configuration shows 
a significant increase in collector efficiency for the flow rate 
beyond 90 kg/hr on a cloudy day and 170 kg/hr on a clear day. 
Overall, only the serpentine collector is seen to respond 
positively to flow rate variations. This observation implies 
that the serpentine collector configuration response is more 
sensitive to a change in flow rate, especially with a low level 
of solar radiation, than the riser-header collector 
configuration. Therefore, flow rate plays an essential role in 
increasing the performance of a serpentine collector in a 
location with a lower solar radiation level than the riser-
header configuration. 

 

 
Figure 10. Effect of tank volume on the efficiency while keeping 

other parameters constant 
 
 

 
Figure 11. Effect of water flow rate on the efficiency while keeping 

other parameters constant 
 
3.3. Experimental system performance and model 
validation 

Figure 12 shows the experimental performance of the systems 
recorded during a test performed on the 18th of November 
2017. The thermal behavior of the system shows a very 

similar trend in the collector inlet temperature as the simulated 
performance. The collector inlet was considered for 
comparison because it is the basis upon which the collector 
efficiency can be evaluated. 

 

 
Figure 12. Comparison of the simulated and experimental 

temperatures of the serpentine and Riser-Header collectors (18th 
Nov., 2017) 

 
   Table 4 shows the calculated NSE between the experimental 
and simulated performances of the two systems. The 
experimental performance is in good agreement with the 
simulated performance with a Nash-Sutcliffe Coefficient of 
Efficiency (NSE) of 0.82 for both configurations. The Nash-
Sutcliffe Coefficient of 0.82 implies that the model predicts 
the actual performance of the system, with a confidence level 
of 82 %. 

 
Table 4. NSE between simulated and experimental performances 

Collector configuration NSE 
Riser-header 0.82 
Serpentine 0.82 

 
4. CONCLUSIONS 

The objective of this study is to investigate the effect of solar 
flat plate configuration on the thermal efficiency of an active 
solar water heating system. Using TRNSYS software, an 
active solar water heating system was simulated, and its 
efficiency was evaluated to achieve this objective. The system 
was also constructed and tested to validate the predicted 
performance of the model. The annual thermal output of the 
serpentine collector from the results obtained was 2.63 % 
higher than that of the header-riser collector when both 
collectors operated under the same condition and at a low flow 
rate of 72 kg/hr. The parametric analysis revealed that both 
models of the solar heating system demonstrated the same 
response and sensitivity to variance in the collector area and 
tank volume. However, the serpentine-based model showed 
significant improvement and sensitivity to flow variance with 
an efficiency gap of about 30 % to the riser header 
configuration on a day with cloudy sky. We, therefore, 
concluded here that the serpentine model of the solar water 
heater presented a better choice for locations characterized by 
highly diffused solar radiation and frequently cloudy sky. The 
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calculated Nash-Sutcliff coefficient of 0.82 between the 
modeled inlet temperature of the collector and the measured 
inlet temperature of the tank on the test day confirmed the 
validity of the TRNSYS model. The model is, therefore, a fair 
representation of the complex behavior of the actual system 
based on the appropriate degree of fit between experimental 
and simulated results. 
 
5. ACKNOWLEDGEMENT 

The authors wish to acknowledge the effort of Mr Peter and Mr 
Gideon and his technical staff in the fabrication and installation 
of the experimental setup. 
 
NOMENCLATURE 
𝐅𝐅𝐑𝐑 Heat removal factor 
ṁ Collector fluid mass flow rate (kg/hr.m2) 
Cp Fluid specific heat (kJ/kg.K) 
Ac Collector area (m2) 
UL Overall collector loss coefficient (kJ/m2hr.K) 
W Tube spacing (m) 
Cb Contact resistance (W/m.K) 
hfi Internal fluid heat transfer coefficient (W/m2.K) 
kδ Plate thermal conductivity and thickness product 

(kJ/hr.k) 
Di Internal diameter of the tube (m) 
NG Number of glass covers 
β Collector tilt (degrees) 
εg Emittance of glass 
εP Emittance of plate 
Ta Ambient temperature (K) 
Tpm Mean plate temperature (K) 
hw Wind heat transfer coefficient (W/m2.K) 
xbi Thickness of back material (m) 
Kei Thermal conductivity of edge insulation materials 

(kJ/hr.m.k) 
Ae Edge insulation area (m2) 
xei Insulation thickness at the edge (m) 
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