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Abstract
Palestinians living in the Gaza Strip are in a very delicate situation when it comes to achieving sustainable growth in the 
energy sector, due to financial, environmental, and political challenges. Replacing electric water heaters with solar water 
heaters (SWH) in Gaza can lead to better hot water supply, cost savings, and gas emission reduction. Therefore, this study 
aims to improve the solar hot water system by determining the best values of tilt angle and incidence angle at which the useful 
energy obtained from a solar thermal collector has its optimum value. In addition, to evaluate the overall benefit of SWH in 
terms of cost savings from SWH replacement and reduction in greenhouse gas emissions which will provide useful informa-
tion to investors and decision makers. Two software programs are used in the current study: The first software program is 
Transient System Simulation Tool which is used to calculate the useful solar energy obtained from the flat-plate collector and 
the second software is Design-Expert with response surface methodology which is utilized to obtain the optimal tilt angle. 
The simulation results show that the value of the useful energy gain of a solar thermal collector depends on the values of the 
tilt and incidence angles. The optimal value of the tilt angle is not fixed all over the year instead it has different values that 
are subject to the season or months of the year. The optimum value of incident angle is small and varies from 10 to 12°. The 
optimized tilt angles for Winter, Spring, Summer, and Autumn are 39.57°, 26.72°, 20.15°, and 32.2° and the maximum use-
ful energy obtained with these angles are 225.69 kWh, 481.56 kWh, 599.40 kWh, and 386.19 kWh, respectively. The result 
exposes that the utilization of a standard solar water system can save up to $857.87 in energy cost per year. It was found that 
the payback period of the investment for a solar water heating system in Gaza is around 3.4 years. The results are promising 
and can motivate investors and decision makers to use SWH and solar energy.

Keywords  Useful gained energy · Controlling angles · Cost saving, emission reduction · TRANSYS · Solar thermal 
collector

List of symbols
A	� Total collector array aperture or gross area (con-

sistent with FR (τα), FRUL, FRUL/T and Gtest) 
(m2)

Cpf	� Specific heat of collector fluid (kJ/kg-K)
FR	� Overall collector heat removal efficiency factor (–)
Fʹ	� Fin efficiency factor (–)
I	� Global (total) horizontal radiation (kJ/h-m2)
Id	� Diffuse horizontal radiation (kJ/h-m2)
IT	� Global radiation incident on the solar collector 

(tilted surface) (kJ/h-m2)
IbT	� Beam radiation incident on the solar collector 

(kJ/h-m2)
ṁ	� Flow rate at use conditions (kg/h)
ṁtest	� Flow rate in test conditions (kg/h)
NG	� Number of glass cover (–)
NS	� Number of identical collectors in series (–)
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Q̇u	� Useful energy gain (kJ) or (kWh)
Ta	� Ambient (air). Temperature (°C)
Tav	� Average collector fluid temperature (°C)
Ti	� Inlet temperature of fluid to collector (°C)
To	� Outlet temperature of fluid from collector (°C)
UL	� Overall thermal loss coefficient of the collector per 

unit area (kJ/h-m2-K)
UL/T	� Thermal loss coefficient dependency on T 

(kJ/h-m2-K2)
W	� Mean wind velocity (m/s)
α	� Short-wave absorptance of the absorber plate (–)
β	� Collector slope above the horizontal plane (tilt 

angle) (°)
θ	� Incidence angle for beam radiation (°)
(τα)	� Product of the cover transmittance and the absorber 

absorptance (–)
(τα)b	� (τα) For beam radiation (depends on the incidence 

angle θ) (–)
(τα)n	� (τα) At normal incidence (–)
(τα)s	� (τα) For sky diffuse radiation (–)
(τα)g	� (τα) For ground reflected radiation (–)
Tp	� The collector stagnation temperature (°C)
hw	� Convection coefficient of wind (W/m2.K)

Introduction

Solar energy is an important source of sustainable and envi-
ronmentally friendly energy (Salah et al. 2021a). There are 
various ways to benefit from solar energy (Elnaggar et al. 
2019). Photovoltaic (PV) is the most common method of 
generating electricity from solar radiation. Different factors 
affect the amount of received solar irradiance at the collec-
tor surface, i.e., location, specific time and day of the year, 
tilt angle, and the angle of incidence of the solar radiation. 
Among these factors, the tilt angle is the most important 
because the correct choice of tilt angle enables the collec-
tor to receive the maximum amount of radiation (Handoyo 
et al. 2013). However, it is well-known that the overall effi-
ciency of PV-based solar-power conversion is very low, 
and its enhancement is an ongoing research challenge. One 
way to tackle this issue is to use an integrated solar-ther-
mal collector (PVT) to harness solar radiation to produce 
simultaneously electrical and thermal energy. Obviously, 
the PVT technique would be promising in locations where, 
in addition to electricity, there is a considerable scope for 
the direct thermal energy utilization such as water heating. 
Accordingly, the Gaza strip of Palestine has been chosen 
for the present research. Gaza Strip is exposed daily to an 
average solar ration of 6 kWh/m2 at tilt angle of 31°. Accord-
ing to Palestinian households energy survey (July 2013), 
62% of household in Palestinian are using solar energy for 

heating the water which is equivalent to 600 GWh annually 
(~ 100 million $) (Elnaggar et al. 2019).

In the literature, there are several studies dealing with the 
search for the optimal value of the tilt angle of PV systems. 
Hussein et al. (Hussein et al. 2004) investigate the effects of 
tilt angle and orientation of PV panels on the achievement 
of solar modules in Cairo, Egypt. Their result indicates that 
the maximum energy gained by PV panels occurs when the 
panels have tilt angle between 20 and 30° and facing the south 
direction. In addition, it is fine-tuned toward the west. Sev-
eral studies have indicated the tilt angle substantial effect on 
the amount of received solar radiation (Hailu and Fung 2019; 
Jamil et al. 2016; Tang et al. 2009; Yunus Khan et al. 2020). 
Some studies suggested that the PV system tilt angle to be 
the same as the site latitude (Bari 2000; Benghanem 2011). 
In a study performed in Canada, researchers used isotropic 
and anisotropic diffuse sky radiation models to determine the 
optimum tilt angle (Hailu and Fung 2019). They recommended 
adapting the tilt angle value for four times a year to collect 
the most of solar radiation. In another study, researcher used 
automated solar water heating system to continuously provide 
hot water above a specific chosen temperature (Sadrin et al. 
2009). The system works such that when the solar water heater 
failed to reach above the assigned temperature, the heating will 
be through the electric water heater. They claimed that the 
proposed system provides hot water using solar system 80% of 
the time and rest is covered by electric water heater.

In continuation of efforts for exploring green sources for 
power generation, Ampuno et al. (2021) studied solar parabolic 
thermal power generation plant model. The system is simu-
lated using TRNSYS software and validated by MATLAB. 
The novelty of the work conducted by Ampuno et al. (2021) 
is the imitation of the entire solar collector model in terms 
of field and power conversion system which accomplished 
by enabling variation of outlet oil temperature and oil flow 
through decent valves. Their results showed a larger annual 
solar thermal energy of 2450 GJ obtained in island San Cristo-
bal compared to 1080 GJ in Guayaquil and 1700 GJ in Manta.

The solar collectors optimum tilt angle differs at different 
geographical location due to longitude and latitude. All the 
related studies focused on areas such as Beirut (Lebanon) 
(Makarem et al. 2016; Sakkal et al. 1993), Surabaya (Indo-
nesia) (Handoyo and Ichsani 2013), Cairo (Egypt) (Hus-
sein et al. 2004), Toronto (Canada) (Hailu and Fung 2019), 
Malaysia (Bari 2000), Basrah (Iraq) (Saraf and Hamad 
1988), Tabass (Iran) (Khorasanizadeh et al. 2014), Madinah 
(Saudi Arabia) (Benghanem 2011), and India (Jamil et al. 
2016). Although the flat-plate solar-water heating system 
is used to heat water in Gaza Strip since a long time, there 
is a lack in studies that focus on determining the tilt angle 
optimal value. In previous studies, the optimal angles were 
determined as a function of the amount of solar radiation 
falling on the solar collector.
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Accordingly, this study differs from previous studies by 
providing a comprehensive evaluation covers optimum energy 
gain, cost benefit, and environmental impacts from solar water 
heater at optimum conditions, in Palestine. To perform the 
calculation, two software programs are used to perform the 
simulation of the data which are Transient System Simulation 
Tool (TRNSYS) to calculate the useful solar energy obtained 
from the flat-plate collector and the Design-Expert software 
(DOE) with Response Surface Methodology (RSM) which is 
utilized to obtain the optimal tilt angle as mentioned in materi-
als and methods section.Thus, this study aims to:

(1)	 Determine the optimal angles for the solar systems used 
in Gaza, Palestine, that produce maximum value of the 
useful energy gain (Qu) through the solar collector. The 
present study pays attention for the losses through the 
collector from radiation such as collector, efficiency 
factor, and fin efficiency.

(2)	 Analyze the economic benefits and potential use of the 
investigated solar water heater in Gaza by considering 
greenhouse gases emission reduction, cost benefit anal-
ysis, and payback period. This information is equally 
important for public, investors, and decision makers.

Materials and methods

Location of current study

Gaza strip, Palestine, is chosen for the current study. Gaza 
Strip lays on the east of the Mediterranean coast with lati-
tude of 31.5° N and longitude of 34.47° E (De Meij et al. 
2016; Elnaggar et al. 2017). Figure 1 shows that during May, 
June, July, and August, the average sun radiation reaches 
Gaza by month is above 200 kWh/m2.

Useful gained energy using flat‑plate collector

In solar water heating, the solar thermal collector (heat 
exchanger) is the core of the system, which converts solar energy 
into internal energy of the transport layer (Demirbas 2005). In 
this study, a flat-plate collector with gross area (Aa) equals 5 m2 
was used. In order to calculate solar thermal collector efficiency 
(η), the Hottel-Whillier equation (Duffie and Beckman 2013) 
(Eq. 1) is used (Ji et al. 2014; TRNSYS16 2004).

where Qu (kJ) is the usable energy gain, IT (kJ/h-m2) is the 
global radiation incident on the titled solar collector, A (m2) 
is the gross area of the collector, m2 (kg/h) is the flow rate 

(1)𝜂 =
Qu

AIT
=

ṁCpf

(

Ṫo − Ti
)

AIT

under operating conditions, Cpf (kJ/kg-K) is the specific heat 
of the collector fluid, and To and Ti (°C) are the inlet and 
outlet temperatures of the fluid into the collector. In an array 
of a number of Ns modules, the energy of each module is 
represented by the Hottel-Whillier equation (Eq. 2) (TRN-
SYS16 2004):

where τα is the transmittance (τ)-absorptance (α) product, 
UL is the overall heat loss coefficient, j is the module num-
ber, Ta (°C) is Ambient (air) temperature, and FR is the col-
lector heat removal factor defined as in Eq. 3.

where F' is the fin efficiency factor and Cpc is (kJ/kg-K) is 
specific heat of collector. The complexity of the loss coef-
ficient (UL,j) is due to its dependence on the collector con-
struction and its operating conditions. An approximate value 
of UL,j (kJ/h-m2-K) is given in Eq. 4 (Klein 1975):

where NG is number of glass cover, Tavg is average col-
lector fluid temperature, Convection coefficient of wind 
hw = 5.7 + 3.8 W (W/m2-K), W (m/s) is mean wind velocity, 
f = (l − 0.04 hw + 0.0005 hw

2) (l + 0.091 NG) and c = 365.9 
(l − 0.00883 β + 0.0001298 β2) where β is tilt angle. The 
value of τα is defined in Eq. 5.
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A

Ns
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∑

j=1
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(

IT(𝜏𝛼) − UL⋅j

(
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))
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Fig. 1   Monthly average diffuse and global radiations for Gaza (Elnag-
gar et al. 2019)
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where IbT is beam radiation incident on the solar collec-
tor, Id is diffuse horizontal radiation, I is global horizontal 
radiation, (τα)s, (τα)b, and (τα)g are product for sky diffuse 
radiation, for beam radiation depending on the incidence 
angle θ, and for ground reflected radiation, respectively. 
Their values are found using function routine. The outlet 
temperature (To,j) of one module and the inlet to the next 
module (Ti,j) are given as:

When collector flow equals zero, the value of the collec-
tor stagnation temperature (Tp) is given in Eq. 7.

For the definitions of all variables in Eqs. (1–7), please 
see Nomenclature table.

Solar thermal collector tilt angle

Figure 2 displays the parameters that affect the quantity of 
yearly solar radiation that hits the solar collector, i.e., the sun 
site in the sky. When the solar panel is horizontally placed 
(at β = 0), the incidence angle (θ) will equal the sun zenith 
angle (θz) which varies between 0 and 90°. At normal inci-
dence, that is, the solar radiation strikes the surface of the 
solar panel at θz = 0, and solar panel will receive maximum 
amount of radiation. The tilt angle is an important parameter 
for acquiring the utmost solar radiation by solar panel which 
mainly relies on the location of the sun that varies daily, 

(5)�� =
IbT(��)b + Id

(1+cos �)

2
(��)s + �I

(1−cos �)

2
(��)g

IT

(6)To,j =
AFR,j

(

IT(𝜏𝛼) − UL,j

(

Ti.j − Ta
))

NsṁcCpc

+ Ti

(7)TP =
IT(��)

UL

+ Ta

monthly, and yearly. To obtain maximum solar radiation, 
researchers try to optimize the values of tilt and incidence 
angle of solar collectors. For example, researchers work to 
minimize incidence angle of beam radiation by tracking the 
sun (Handoyo and Ichsani 2013; Yadav and Chandel 2013).

Modeling using TRNSYS

TRNSYS program to obtain the monthly maximum Qu of 
the solar collector at different angles of inclination and inci-
dence. The months of October, January, April, and July were 
selected to represent the seasons of Autumn, Winter, Spring, 
and Summer, respectively. The proposed solar-water-heating 
system model was analyzed using TRNSYS program, that 
is, a trustworthy tool used for solar energy applications. The 
designed model comprised three main parts: a storage tank, 
a flat-plate collector, and a pump. The TRNSYS model has 
the following components in its library (Fig. 3):

•	 Weather Data reading and processing (Type 109-TMY2)
•	 Flat-plate collector (Type 73) with total surface area of 

5 m2

•	 Storage tank (Type 4)
•	 Pump (Type 3b)
•	 Differential Controller w_Hysteresis (Type 2b)
•	 Plotter (Type 26)
•	 output\Printer (Type 25c)

Experimental layout and statistical analysis

The statistical analysis using DOE software is done using 
RSM which known for optimizing functioning parameters 
(Baş and Boyacı 2007; Elnaggar et al. 2013). RSM evaluates 
the dependence of the useful energy gain (Qu) on the inci-
dence and tilt angles. Moreover, it has been used to obtain 
the optimal values of the operating variables. The software 
DOE is used to determine the optimal value for the angle of 
inclination. Each independent variable (the angle of inci-
dence (A) and the angle of inclination (B) were changed to 
three levels: low (− 1), medium (0), and high (+ 1), as shown 
in Fig. 4. The levels of the independent variables depend on 
the results of the first simulations.

Benefit analysis of SWH

Figure 5 shows a simple model developed particularly for 
the financial evaluation of solar water heating system. The 
model includes the key inputs for calculating the poten-
tial benefits of solar water heating system in Gaza, and 
employing this information to assess the cost, benefits, and 
the return of investment of SWH in Gaza. Table 1 presents 
the specification of SWH and energy benefits.

Fig. 2   Solar collector tilt angle (β) and the surface incidence angle (θ)
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Pollutant emissions based on different energy sources

Table 2 exhibits the emission factors (indicators) of the indi-
vidual energy sources as well as the measurement of the 
energy source in the electricity production mix in Palestine 

2018. The emissions of air impurities resulted from the com-
bustion of fossil fuels such as coal, oil, and natural gas for 
electricity generation depend primarily on the type of energy 
source used. It was reported that different sources contain 
different quantities of emissions or their mixtures (Saidur 
et al. 2007).

Fig. 3   TRNSYS model of solar water heating system (Extracted from TRNSYS software)
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The benefit was evaluated by considering the solar radi-
ation in Palestine and energy harvesting by the proposed 
solar water heating system that comprises cost reduction and 
saving via replacing fossil fuels by renewal low-cost solar 
energy and emissions reduction.

Cost savings from replacing non renewable energy sources

Expenditure saving from replacing energy sources was pro-
jected based on the quantity of energy supplied and the asso-
ciated costs. In this study, the energy replaced is electricity, 
and the unit price equals 0.17 $/kWh. The expenditure saved 
by replacing energy was computed using Eqs. 8 (Jing et al. 
2015):

where BE = total energy cut, kWh; CBE = cost savings 
from switching energy source, $; P = unit price of switched 
energy, $/kWh.

Cost savings from pollution reduction

The cost that can be saved by reducing gas emissions can 
be estimated by the reduction in the amount of air pol-
lutants emitted after the use of the solar boiler and the 
associated cost of treating these contaminants. Jing et al. 
(2015) highlighted that the expenses for treating 1000 kg 
of CO2, NOx and SOx is approx. $ 20, $ 674.5, and $ 656.5, 

(8)CBE = BE × P

respectively. The cost conserving by gas emission reduc-
tions was assessed by Eq. 9–10:

where EFp,f = emission factor of pollutant p by energy source 
f, kg/kWh; PEf = percentage of energy source f in the energy 
mix; BPp,f = quantity of emissions p that are decreasing (e.g., 
CO2, NOx and SOx) if solar. water heater avoids using elec-
tricity produced by energy source f, kg; CBPf = avoided cost 
of treating greenhouse gas and air pollutant emissions if 
SWH avoids using electricity from combustible fuels f, $; 
TEp = unit price of treating pollutant p, $/kg. The two values 
EFp,f and PEp are given in Table 1.

Study to analyze the total cost of a solar water 
heating system

Because the economical profit of solar water heating sys-
tem was valued every year, the necessary capital and oper-
ational costs were correspondingly anticipated per year for 
the payback analysis afterward. Table 3 presents the cost 
of solar water collectors in Gaza which was adopted in 
this study to estimate the potential saving once replaced 
the electric water heater.

Payback period analysis

The reimbursement duration is the period needed after 
using solar water heater to regain its financial investment. 
The payback period was calculated by looking into and 
comparing both annual cost and benefit over certain dura-
tion. In this study, the annual cost for each working year 
was assessed taking into consideration the capital and 
operatorial cost. Concerning the economic profit, it was 
evaluated mainly based on the energy cost saved per year.

(9)BPp,f = BE × EFp,f × PEf

(10)CBPf =
∑

p

(

BPp,f × TEp

)

Table 1   Specification of SWH and energy benefit

Parameter Unit Value

Solar panel size m2 5
Tilt angle degree 32
Average electricity consump-

tion per capita
kWh/Yr/Capita 445.0

Electricity cost $/kWh 0.17
Population of Gaza Capita 2,000,000

Table 2   Air emission factors based on various energy sources. Data 
sources: (Jing et al. 2015)

Source of energy Electricity production 
mix in 2018, (PE)%

Emission factor (EF) 
(10−3) kg/kWh

CO2 SO2 NOx

Coal 36.0 1180 13.9 5.2
Crude oil 10.0 850 16.4 2.5
Natural gas 54.0 530 0.5 0.9

Table 3   Cost of solar water Panel in Gaza

Description Unit Amount

Size of the solar panel m2 5
Total installation cost $/Unit 2400
Maintenance cost $/yr 150
Life period yr 15
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Results and discussion

Flat‑plate collector useful gained energy

The assumed values of the flat-plate collector parameters 
(Fig. 6) are applied into the TRNSYS program such as the 
solar collector area is 5 m2, collector fin efficiency factor 
of 88% and number of covers of 1.

Based on these parameters, TRNSYS program has been 
running, and each time the values of the functional param-
eters (A and B) are changed to get the Qu by 5 m2 area of 
flat-plate solar collector and data were recorded.

The months January, April, July, and October were 
selected to exemplify the seasons of the year Winter, 
Spring, Summer, and Autumn, respectively. The lowest 
useful energy was recorded in January, while the maxi-
mum useful energy was recorded in July. It is noted also 
from Fig. 7 that both angles have a noteworthy effect on 
harvesting the useful gained energy. In July, it is noticed 
that the value of Qu increases with the decrease in the tilt 
and incidence angles, as the maximum value Qu reaches 
588.08 kWh at tilt angle and incidence angle of 20° and 0°, 
respectively, whereas in January, the value of Qu increases 
with the increase in the tilt angle on condition of decrease 
in incidence angle as the highest value of Qu in January 
equals 223.20 kWh at the tilt angle of 50° and the angle 
incidence angle of 0°. In April, the highest value of Qu 
is 480.88 kWh at the tilt angle of 20° and the angle inci-
dence angle of 0°. In October, the highest value of Qu 
equals 485.49 kWh at the tilt angle of 35° and 0° incidence 
angle. In general, the smaller the incidence angle leads to 
increase useful energy in all months of the year, while the 
tilt angle varies in each month to obtain the largest useful 
energy. Therefore, to solve this entanglement and overlap, 
the authors used the DOE software tool with (RSM) to 
achieve the optimal tilt angles for each season of the year.

Analysis of variance (ANOVA)

Table 4 shows the analysis of variance of the regression 
parameters of the predictive quadratic response surface para-
digm. As can be seen from Table 4, the F value of the model 
for Qu of 32.77 means that the model is significant. For Jan-
uary, the P-value for the model is equal to 0.0001(˂0.05) 
which shows the significance of the presented model terms. 
In the present case, the terms A, B, AB, A2 and B2 are the 
significant terms of model. Similarly, the models for Qu cal-
culations are repeated for April (Table 5), July (Table 6), 
and October (Table 7). As shown in Tables 5, 6 and 7, the 
P-values are also less than 0.05 which confirms that terms 
of model A, B, AB, A2, and B2 are also a significant term of 
the presented model. On the other hand, the P-values for 
the month of July are greater than 0.1, which mean that the 
model terms such as B2 are not significant. Therefore, B2 was 
excluded to obtain a better model for July.

In order to foresee the average monthly useful energy 
gain, the response surface model is created which has been 
considered feasible. The final regression models for each 

Fig. 6   Values of flat-plate col-
lector parameters used to run 
TRNSYS software
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winter, fall, spring, and summer are mathematically pre-
sented in the second-order polynomial in Eqs. (11, 12, 13, 
and 14), respectively.

(11)

Qu = 186.9469 + 0.588048A + 1.69084B

− 0.00833AB − 0.01227A2 − 0.02024B2

(12)

Qu = 455.0281 − 0.10478A + 2.39287B

+ 0.013603AB − 0.02111A2 − 0.04853B2

(13)
Qu = 610.4899 + 0.904408A − 0.93539B − 0.00911AB − 0.02588B2

Table 4   Winter ANOVA 
quadratic model

Source Sum of squares df Mean square F-value P-value

Block 62.11 1 62.11
Model 1663.34 5 332.67 32.77 0.0001 Significant
A-incidence angle (θ in our model) 1043.23 1 1043.23 102.77  < 0.0001
B-tilt angle (β in our model) 76.90 1 76.90 7.58 0.0791
AB 56.25 1 56.25 5.54 0.0508
A2 332.33 1 332.33 32.74 0.0007
B2 56.57 1 56.57 5.57 0.0503
Residual 71.06 7 10.15
Lack of fit 71.02 3 23.67 2259.84  < 0.0001 Significant
Pure error 0.0419 4 0.0105
Core total 1796.50 13

Table 5   Spring ANOVA 
quadratic model

Source Sum of squares df Mean square F-value P-value

Block 134.73 1 134.73
Model 6943.64 5 1388.73 75.14  < 0.0001 Significant
A-incidence angle 4329.72 1 4329.72 234.28  < 0.0001
B-tilt angle 480.26 1 480.26 25.99 0.0014
AB 149.88 1 149.88 8.11 0.0248
A2 984.67 1 984.67 53.28 0.0002
B2 325.23 1 325.23 17.60 0.0041
Residual 129.37 7 18.48
Lack of fit 129.37 3 43.12
Pure error 0.0000 4 0.0000
Cor total 7207.74 13

Table 6   Summer ANOVA 
quadratic model

Source Sum of squares df Mean square F-value P-value

Block 3.59 1 3.59
Model 8793.89 4 2198.47 22.11 0.0002 Significant
A-incidence angle 5049.89 1 5049.89 50.80  < 0.0001
B-tilt angle 1972.00 1 1972.00 19.84 0.0021
AB 67.18 1 67.18 6.758 0.0435
A2 1704.82 1 1704.82 17.15 0.0032
Residual 795.33 8 99.42
Lack of fit 795.33 4 198.83 5.965E + 08  < 0.0001 Significant
Pure error 1.333E-06 4 3.333E-07
Cor total 9592.81 13
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where Qu is useful energy gained by collector in kWh unit, A 
is incidence angle in degree unit and B is tilt angle in degree 
unit. The equations are expressed in terms of actual factors 
to see the direct relations between different factors and the 
useful gained energy and to forecast the response for speci-
fied altitudes of each factor.

Useful energy gained by the collector dependence 
on tilt and incidence angle

Equations 11, 12, 13, and 14 are numerically analyzed to 
envisage the effect of the operating variables which are the 
incidence and the tilt angles on the average monthly Qu. 
The three-dimensional figures (Figs. 8, 9, 10 and 11) are 
the products of the DOE software tool with RSM, and they 
show the influence of the tilt angle (B) and incidence angle 
(A) on the useful energy gain (Qu). Results clearly shown 
that a considerable effect on harvesting the useful energy 
gained from solar collector by the tilt and incidence angles.

The useful energy from the solar collector in January is 
shown in Fig. 8. The figure clarifies the effect of tilt and 
incidence angles on the useful energy from the solar collec-
tor in January that mainly representing the winter season. It 
is noticed from Fig. 8 that the useful energy increases when 
the angle of incidence ranges from 0° to 12°, after which the 
descent begins. In addition, the highest possible obtained 
energy during winter season reaches about 223.52 kWh for 
the tilt angle ranging between 32 and 50°.

Figure 9 displays the useful energy gained by solar collec-
tor as a function of tilt and incidence angles in April, which 
represents spring season. It is noticed from Fig. 9 that the 
useful energy increases when the incidence angle is less than 

(14)

Qu = 369.162 − 0.00164A + 1.48526B

− 0.0078411AB − 0.01757A2 − 0.02992B2

14°. For angles greater than 14°, the useful energy gained 
decreases. Meanwhile, during the spring season, it is found 
that the highest possible obtained energy reaches an about 
of 484.6 kWh at the tilt angle ranging between 0 and 32°.

July (which represents the summer season in this study) 
is one of the months with the highest useful energy of the 
year. This is because the sun is in the sky the most hours 
per day in July, reaching more than 13 h in Gaza. Moreover, 
the ambient temperature reaches 32 degrees, and the sky is 
clear and cloudless. As shown in Fig. 10, the useful energy 
obtained increases when the inclination and incidence 
angles decrease, since the maximum value of Qu reaches 

Table 7   Autumn ANOVA 
quadratic model

Source Sum of squares df Mean square F-value P-value

Block 83.22 1 83.22
Model 4705.21 5 941.04 123.82  < 0.0001 Significant
A-incidence angle 3295.43 1 3295.43 433.61  < 0.0001
B-tilt angle 188.71 1 188.71 24.83 0.0016
AB 49.80 1 49.80 6.55 0.0376
A2 681.69 1 681.69 89.70  < 0.0001
B2 123.60 1 123.60 16.26 0.0050
Residual 53.20 7 7.60
Lack of fit 53.20 3 17.73 5.320E + 07  < 0.0001 Significant
Pure error 1.333E-06 4 3.333E-07
Cor total 4841.63 13

Fig. 8   Winter Qu as a function of tilt and incidence angles
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596.56 kWh when the inclination angle is 20°, and the inci-
dence angle is less than 12°

Figure 11 shows the useful energy gained by solar col-
lector as a function of tilt and incidence angles in October, 
which represents autumn season. Figure 11 shows that the 

maximum useful energy gained at the incidence angle of 12° 
and the tilt angle of 32° reaches 386.51 kWh.

Optimization

For achieving the optimal tilt angle of the solar collector, 
DOE software with RSM, which is useful and dedicated 
tool, was used. To get accurate and realistic optimal tilt 
angle, the tilt angle is related to the incidence angle, and the 
optimum angles at which the maximum useful energy were 

Fig. 9   Spring Qu as a function of tilt and incidence angles

Fig. 10   Summer Qu as a function of tilt and incidence angles

Fig. 11   Autumn Qu as a function of tilt angle and incidence angles
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adopted. Figure 12 shows the tilt angles for the four seasons, 
respectively, and the maximum useful energy obtained. It 
is also noticeable from Fig. 12 that the optimum incidence 
angle is relatively stable during the seasons of the year, 
which are small values ranging from 10 to 12°.

Figure 12 displays that the values of the incidence angle 
is stable and small around 10–12° throughout the seasons 
to obtain the maximum useful energy. However, optimal tilt 
angles varies with seasons. It is found that in the summer 
season represented by the month of July in which it has a 
high temperature, the optimal tilt angle is small around 20°, 
whereas during the winter season represented by January 
where the temperature going low, the optimal tilt angle is 
relatively high around 39.57°.
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Fig. 13   Comparison between the values of optimal tilt angles 
between Gaza, Palestine and Madinah, Saudi Arabia

Table 8   Daily average Qu by 
flat-plate collector (5 m2) at 
optimum tilt angle

Days January
�=10.92°, �=39.57°

April
�=10.97°, �=26.72°

July
�=11.89°, �=20.15°

October
�=12°, �=32.2°

kJ kWh kJ kWh kJ kWh kJ kWh

1 5559.997 1.5444 67,595.11 18.77642 78,587.3 21.8298 59,319.52 16.47764
2 20,005.68 5.557132 61,196.06 16.99891 78,092.8 21.69244 55,185.87 15.32941
3 28,292.38 7.858994 65,161.11 18.10031 73,757.68 20.48825 54,227.59 15.06322
4 25,981.66 7.217127 65,694.71 18.24853 71,047.84 19.73551 52,908.84 14.6969
5 25,488.24 7.080066 34,169.78 9.491604 76,848.22 21.34673 54,456.47 15.1268
6 30,994.42 8.60956 54,623.01 15.17306 71,852.7 19.95908 38,408.21 10.66895
7 30,598.3 8.499529 55,091.35 15.30315 77,344.41 21.48456 50,196.75 13.94354
8 20,651.98 5.736661 64,475.46 17.90985 73,009.99 20.28055 45,764.6 12.71239
9 22,586.71 6.274086 61,058.22 16.96062 75,500.81 20.97245 56,894.11 15.80392
10 34,610.44 9.614011 65,112.57 18.08682 70,533.67 19.59269 53,792.46 14.94235
11 21,541.37 5.983714 62,416.33 17.33787 69,996.88 19.44358 49,395.31 13.72092
12 29,629.26 8.230351 63,393.1 17.60919 75,032.22 20.84228 48,345.32 13.42926
13 21,499.2 5.972 59,170.99 16.43639 71,474.33 19.85398 49,862.46 13.85068
14 35,445.74 9.846038 40,176.26 11.16007 72,923.16 20.25643 46,326.63 12.86851
15 25,115.59 6.976552 55,524.9 15.42358 75,050.26 20.84729 22,785.42 6.329284
16 26,964.56 7.490155 53,503.41 14.86206 69,222.87 19.22857 46,696.66 12.9713
17 30,938.56 8.594043 63,920.71 17.75575 71,746.45 19.92957 39,303.13 10.91754
18 20,392.92 5.6647 43,694.35 12.13732 69,230.8 19.23078 51,678.71 14.3552
19 27,255.06 7.570851 64,956.53 18.04348 63,364.39 17.60122 45,781.65 12.71713
20 21,783.38 6.050939 50,512.75 14.03132 66,658.23 18.51618 43,495.98 12.08222
21 26,597.55 7.388208 56,931.78 15.81438 62,675.55 17.40987 50,671.12 14.07531
22 36,963.25 10.26757 63,021.85 17.50607 58,072.62 16.13128 45,922.36 12.75621
23 36,026.45 10.00735 46,160.82 12.82245 70,997.94 19.72165 50,041.86 13.90052
24 36,823.43 10.22873 58,032.67 16.12019 70,356.72 19.54353 42,456.63 11.79351
25 24,946.31 6.92953 56,937.77 15.81605 64,561.1 17.93364 45,501.51 12.63931
26 33,712.08 9.364466 62,141.26 17.26146 68,939.34 19.14982 46,755.09 12.98752
27 16,960.56 4.711268 54,149.81 15.04161 59,268.98 16.4636 43,598.55 12.11071
28 17,469.5 4.85264 56,201.41 15.6115 66,606.03 18.50168 41,937.08 11.64919
29 32,375.1 8.993082 59,719.91 16.58886 52,376.75 14.5491 30,711.74 8.531038
30 19,460.11 5.405587 68,859.69 19.12769 66,721.65 18.53379 27,859.51 7.738752
31 25,828.24 7.174512 73,186.18 20.32949
Total 812,498 225.69 1,733,604 481.56 2,157,837 599.40 1,390,281 386.19
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A study compared the solar collector optimized tilt angle 
for Gaza city in Palestine with the same results for Madinah 
city in Saudi Arabia which is presented as shown in Fig. 13 
(Benghanem 2011). The results had revealed that the tilt 
angle is homogeneous in both cities in all months. Further-
more, it is noted that the tilt angle for Gaza is slightly larger 
than the tilt angle for the city of Madinah. This is because 

the ambient temperature in Madinah city is higher than in 
Gaza city.

The daily average Qu at the optimal tilt angle for Janu-
ary, April, July, and October is presented Table 8. It clearly 
noticed from the shown data that utmost useful energy is 
produced during July where its value can reach 21.83 kWh 
in the day. It also can be found from Table 8 that during the 
month of January, the harvested amount of useful energy is 
minimal.

Table 8 also reveals that the value of Qu in the first 
day of January is the smallest and equals 1.544 kWh. 
This can be explained because the first day of January 
was rainy or cloudy, and the sun did not rise except for 
very limited periods. At the optimum tilt angle, the total 
of the daily Qu by the collector for January, April, July, 
and October is 812,498 kJ (225.69 kWh), 1,733,604 kJ 
(481.56 kWh), 2,157,837 kJ (599.40 kWh), and 1,390,281 
kJ (386.19 kWh), as shown in bold in Table 8 and Fig. 14.

Figure  15 displays the daily distribution of useful 
energy obtained from a flat-plate collector (5 m2) at an 
optimal tilt angle for January, April, July, and October. 
Figure 15 is a graphical representation of the values pre-
sented in Table 6. It was observed that the useful energy of 

225.69
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599.4

386.19

January April July October

Useful energy (kWh)

Fig. 14   Average monthly Qu by the collector at optimum tilt angle for 
each season

Fig. 15   Daily distribution 
of useful energy earned by 
flat-plate collector (5 m2) at 
optimum tilt angle for January, 
April, July, and October
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Table 9   Monthly average 
useful energy gained by flat-
plate collector (5 m2) for each 
optimum tilt angle

Months �=10.92°, �=39.57° �=10.97°, �=26.72° �=11.89°, �=20.15° �=12°, �=32.2°

kJ kWh kJ kWh kJ kWh kJ kWh

January 812,484 225.69 792,396 220.11 777,816 216.06 799,956 222.21
February 1,112,796 309.11 1,087,596 302.11 973,212 270.34 1,100,160 305.6
March 1,359,972 377.77 1,355,760 376.60 1,401,782 389.38 1,357,884 377.19
April 1,713,384 475.94 1,733,616 481.56 1,733,504 481.53 1,729,512 480.42
May 1,913,652 531.57 1,913,004 531.39 2,017,852 560.51 1,916,604 532.39
June 2,002,320 556.20 2,098,548 582.93 2,116,066 587.79 2,107,908 585.53
July 2,016,576 560.16 2,117,088 588.08 2,157,836 599.40 2,116,764 587.99
August 1,948,212 541.17 2,015,568 559.88 1,999,995 555.55 2,013,912 559.42
September 1,815,804 504.39 1,818,108 505.03 1,642,853 456.35 1,816,704 504.64
October 1,340,028 372.23 1,387,116 385.31 1,389,201 385.89 1,390,280 386.19
November 1,036,836 288.01 1,032,156 286.71 919,641 255.45 1,035,288 287.58
December 785,232 218.12 778,536 216.26 758,927 210.81 783,756 217.71
Total 17,857,296 4960.36 18,129,492 5035.97 17,888,685 4969.08 18,168,728 5046.87
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April exceeded that of July on the 29th day, which could 
be due to the difference in climate on that day in these 
two months.

The monthly average Qu for each optimal tilt angle for 
all of the year is demonstrated as shown in Table 9. It 
clearly noticed from the obtained data that utmost useful 
energy in all of the year was produced at the optimal tilt 
angle of 32.2° where its value can reach 18,168,728 kJ/
yr (5046.87 kWh/yr). The minimum value of the yearly 
useful energy was 17,857,296 kJ (4960.36 kWh) at the 
optimal tilt angle of 39.57°. The maximum values of the 
monthly average Qu for each optimal tilt angle in kWh is 
shown in bold in Table 9. 

Figure 16 shows the yearly useful energy gained by the 
collector for each optimum tilt angle where its value can 
reach 17,888,685 kJ, 18,129,492 kJ, 18,168,728 kJ, and 
17,857,296 kJ at the optimum tilt angles of 20.15°, 26.72°, 
32.2°, and 39.57°, respectively.

Benefit analysis of solar water heating system

The revenue of employing a solar water heating system was 
evaluated depending on the total quantity of energy that pro-
duced by SWH including profit by swapping energy sources 
and pollution reduction. It was found that each solar panel 
(5 m2) has the capability to provide electricity to 12 capi-
tals (heating water) continuously in Gaza and thus replace 
the dependency on the current non-renewable, non-reliable, 
and costly sources. Table 3 lists the solar panel cost and 
specification.

Cost saving by replacing energy source

In Gaza, nearly all of the building appliances consume elec-
tricity generated from non-renewable imported fossil fuels 
for operation (Salah et al. 2021b). By utilization of solar 

energy, reduction in energy cost, emission can be achieved. 
Cost saving by changing energy source was estimated by Pan 
et al. (2012), depending on the quantity of energy generated 
and its expenses once swap electricity with solar energy.

As given in Table 9, the useful energy of 5046.87 kWh/yr 
can be produced at the optimal tilt angle of 32.2°. It also can 
provide hot water to 12 persons. Consequently, a conven-
tional solar water heater can avoid spending around $857.87 
of energy fee per year, which is equal to $71.5 each month. 
This is a potential cost-effective benefit to the community, 
especially for low-income households, as it can reduce the 
financial inconvenience caused by electricity bills.

Cost saving through air emissions reduction.

Since the solar water heater does not consume electrical 
energy for its daily operation, substituting electricity gener-
ated from fossil fuels with solar one will result in indirect 
reduction in the GHGs emissions (Jing et al. 2015; Salah 
et al. 2021a). Total expenses reduction due to the decrease 
in air pollutants emissions when consuming solar heater 
system and the expenses of treating those air impurities was 
assessed by Eq. 2 and Eq. 3. Table 2 introduces the emission 
factors of electricity production in Palestine and the share 
of each energy source in electricity production mix in 2018. 
As exemplified in Table 2, the emission factor for CO2 from 
the main energy sources is considerably more than other 
impurities; this means that electricity generation generally 
releases more carbon dioxide than other pollutants. Hence, 
the use of solar energy has the highest CO2 emission reduc-
tion followed by SO2 and NOx. Taking into consideration 
the approximate fee for treating 1 metric ton of CO2, NOx, 
and SO2 as $20, $674.5, and $656.5, the expenses prevented 
due to the reduce in GHGs emissions are given in Table 10. 
As given in Table 10, each solar unit can help to avoid elec-
tricity power produced from fossil fuels can save $11.33 of 
treating cost per year.
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Fig. 16   Yearly useful energy gained by the collector for each opti-
mum tilt angle in kJ

Table 10   Pollutant emissions reduction in Gaza per year per solar 
unit

Energy sources Emission reduction (kg/yr) Cost saving ($/yr)

CO2 SO2 NOx

Coal 214.3 2.52 0.945 6.58
Crude oil 42.9 0.83 0.126 1.48
Gas 144.4 0.16 0.25 3.27
Total 401.6 3.51 1.32 11.33
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Cost analysis and payback period

The investment cost commonly consists of initial installa-
tion cost, operational cost including energy consumption, 
and maintenance expense. Solar water heating systems do 
not incur energy costs; therefore, the total investment cost 
is composed of the initial cost of the solar system installa-
tion and the maintenance cost (Ali et al. 2009). To ensure 
high productivity of SWH, solar heating systems need to 
be maintained once a year. Thus, it is important to deter-
mine the entire servicing and repairing cost for each year 
of operation. Figure 17 compares the cumulative costs of 
SWH versus EWH for 15 years. Solar water heaters which 
can be operated effectively for a longer duration have a lower 
annual cost than those operated for a shorter operating year. 
As longer operating interval means that the investment cost 
can be obtain back over longer period of time, it is crucial to 
ensure that the solar heating system can operate for as long 
as possible, or it will not be cost effective. In this research, 
the payback period of the investment for a SWH in Gaza was 
performed and reported. The economic benefits can recoup 
the relatively high initial investment cost for solar water 
heating system, through savings in electrical energy expen-
ditures. Environmental benefit is not measured as a cost to 
the solar water heating system, as it is the funds reimbursed 
by the industry or government for treating those impurities 
discharged throughout electricity production. Normally, the 
payback period of the investment can be checked by compar-
ing the costs and benefits of solar water heating systems. To 
calculate the payback period of the investment, the curves of 
annual cost and annual profit were constructed. The payback 
period of the investment corresponds to the working year 

in which the curves of annual cost and annual profit inter-
sect. As shown in Fig. 17, the yearly cost of the solar water 
heater reduced considerably with the year of operation at the 
same time as the annual benefit increases with the year of 
operation; and the payback period is the year of operation in 
which the curves of year where the annual cost and annual 
benefit intersect. The estimated time for return of investment 
in a solar water heating system was 3.4 years.

Conclusion

The energy sector in Palestine is highly dependent on 
imports from other countries to meet the scarcity of energy 
supply, which mainly derived from fossil fuels. One possible 
alternative to reduce the use of fossil fuels utilization and 
ecological challenges is to use solar water heating systems 
instead of electric water heaters.

The effect of the title angle and incidence angle on the 
useful gained energy by PVT is studied and simulated for 
four seasons. Two programs are used to perform the simu-
lations. The useful solar energy obtained by the flat-plate 
collector was calculated using TRNSYS program, while 
RSM was applied to optimize the tilt angle. In the study, 
the dependent variable is the useful energy, and the inde-
pendent variables are the title and incidence angles. The 
study result indicates that both tilt and incidence angles are 
important factor that affect the maximum value of gained 
useful energy. It is also shown that optimal tilt angle changes 
its value according to the seasons and/or the months of the 
year. It is also found that incidence angle is hardly changes 
with seasons with small value that varies between 10 and 
12° to obtain maximum gained useful energy. Though this 
occurs for small period of time, energy is gained during the 
rest of the day. But this work is concerned on maximum 
energy. The found maximum average useful values gained 
energy by PVT are 225.69 kWh, 481.56 kWh, 599.40 kWh, 
386.19 kWh at optimal title angles values are 39.57°, 26.72°, 
20.15°, and 32.2° for Winter, Spring, Summer, and Autumn, 
correspondingly. Also, the result exposes that the utilization 
of a standard solar water system can save up to $857.87 of 
energy cost per year. The payback on the investment in a 
solar water heating system in Gaza is 3.4 years. The results 
confirmed that replacing of electrical water heating system 
by solar water heating system is promising and in line with 
the United Nations Sustainable Development Goals as it can 
contribute to energy security, economic growth, and sustain-
able environment.
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Fig. 17   Annual cost analysis for SWH versus EWH in Gaza
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