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ABSTRACT   
The increasing demand for sustainable cooling technologies and the shift away from fossil fuels have 
heightened interest in solar-assisted thermal systems, particularly for powering absorption refrigeration units 
in hot environments. This study evaluated the performance of a closed-loop solar water heating system used 
to supply hot water to an absorption refrigeration machine. The analysis was carried out using the utilizability 
(f-chart) method and the MATHLAP computer program. The study considered various operating conditions 
and four types of flat-plate solar collectors: Type A: Single transparent cover solar collector with absorbent 
surface painted in standard black color; Type B: Single transparent cover solar collector with absorbent 
surface coated in black selective material; Type C: Solar collector with two transparent covers with absorbent 
surface painted in standard black color; and Type D: Solar collector with two transparent covers with 
absorbent surface coated in black selective material. The system was analyzed for different solar collector 
areas and storage capacities over several summer months. The solar fraction (f) was used as the primary 
performance metric. The results indicated that Type D collectors performed the best owing to their improved 
thermal insulation and selective absorption. Type A exhibited the lowest performance because of its higher 
heat losses. Types B and C yielded intermediate results. The study also examined the effect of five storage 
capacities (25, 50, 75, 100, and 125 kg of water per m²) and five collector areas (40, 60, 80, 100, and 120 m²) 
on system efficiency. Both parameters positively affected the thermal performance. This study aims to 
determine the thermal performance of a closed-loop solar water heating system for powering an absorption 
refrigeration machine by estimating the solar fraction under different conditions. 
Keywords:  Solar water heating system, Thermal performance, Solar collector, Solar fraction, 

Storage capacity, Solar collection area.  

1. Introduction  

As energy needs rise, fuel prices soar, and concerns for our environment fluctuate, solar water heating systems 
have emerged as a sustainable alternative to conventional water heating systems. Solar water heating systems 
harness solar energy to meet domestic or industrial hot water needs, which are clean, affordable, and reduce 
dependence on fossil fuels [1]. Of the many different types of solar water heating systems, closed-loop systems 
have become very popular in colder regions because they do not freeze and are capable of maintaining a 
functional system in harsh winters. The solar fraction (SF) is a key parameter for quantifying the overall 
performance of solar water heating systems, referring to the overall thermal load contributed by solar energy. 
A higher solar fraction indicates greater potential for energy savings and environmental benefits [2]. However, 
performance is influenced by many factors, such as collector efficiency, climate conditions, heat exchanger 
effectiveness, and system design. This study is based on closed-loop solar water heating systems and explores 
the system efficiency based on the solar fraction as a performance target. The objective is to identify 
configurations and operational strategies to maximize energy savings and system reliability via thermal analysis, 
modelling methods, and performance evaluation under different constraints [3].  
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1.1. The “f-chart” method 

Fayaz et al.[4] the study assesses the performance of evacuated tube solar water heaters employing the F-chart 
method as a benign technology. This demonstrates how well and economically it performs in the Malaysian 
climate. The system can deliver 150 liters of hot water daily without an auxiliary energy supply and a solar 
fraction of 1.0.  An evacuated tube channel will cost RM 5,200 over 20 years, and if used in climates with 
consumption exceeding 150 L/d, it can save up to RM 12,000. The study suggests that the benefits are also 
environmental; reductions in GHG gas emissions are substantial, along with energy use. Hence, an evacuated 
tube solar water heater is a sustainable choice. 
 Kerme and Kaneesamkandi,[5] primarily focused on the development of a liquid-based solar heating system 
using the F-chart method, which is an efficient and cost-effective method for estimating annual thermal 
performance. They considered the contribution of solar energy to the heating loads for a family of six people 
living in Riyadh, Saudi Arabia, and examined parameters such as collector area, storage capacity, and tilt angle. 
The f-chart method allows a relationship between the monthly heating load supplied by solar energy and 
dimensionless parameters, allowing for a simpler estimation of performance. The results suggest that by 
increasing the collector area, the annual load fraction supplied by solar energy improved, particularly in the 
summer months. The best tilt angle for collectors in Riyadh was 30 °, according to the analysis in the study, 
which allowed the solar load fraction to be maximized. The study determined that the effect of storage capacity 
on performance was greater in summer than in winter. 
Çamdali and Tunç,[6] the paper applies the F-Chart method to optimally size solar collectors and storage 
capacity, indicating that a solar fraction of 92% can meet the total energy demand for space and water heating 
in Cesme, Turkey. Solar radiation of 1304 kWh/m²-year was measured for 2734 h/year over a period of 2 years. 
Considering the space heating and hot water demand in this geographic area, the solar collector and storage 
capacity were sized optimally using the f-chart method.  
Gojak et al.,[7] The paper describes the calculation of the solar fraction, i.e., the contribution of solar energy to 
the total heat load, using a mathematical model, with the results of the simulations compared to the results of 
the f-chart method, and given the performance of the system for the city of Belgrade in Serbia. The authors built 
a dynamic simulation model to build a thermal solar system concerned with the energy performance for water 
heating. Their model considered the variability of factors such as climatic data, hot water consumption 
dynamics, system parts, dynamics within the fluid flow, and the orientation of the solar collector to optimize 
solar system operation. El-Masri et al. [8] El-Masri et al. effectively utilized the f-chart method, emphasizing 
its reliability when paired with local radiation data. These models estimate the efficiency of solar heating 
systems in terms of heat, using precise physical equations. Although computationally expensive and requiring 
significant input data, they provide accurate results [9]. Hoffmann et al. [10] discuss the challenges associated 
with the f-chart method for closed-loop systems utilizing antifreeze fluids in regions such as Northern Europe 
are discussed. To enhance the accuracy of the solar fraction calculations under freezing conditions, the loss 
coefficient (U) was modified to account for the thermal properties of the antifreeze. The f-chart method must 
also be adapted to reflect the increasing prevalence of systems integrating solar thermal and photovoltaic power 
sources  [11]. Fong et al.[12] the f-chart method was employed in their research on solar-assisted heat pump 
systems. Their findings indicated that both residential and commercial systems performed better when the 
dimensionless parameters (X and Y) were adjusted to account for the combined heat contributions of solar and 
heat pump systems. Sangeetha et al. [13] explored ways to improve the accuracy of solar fraction estimates by 
integrating the f-chart method with machine learning techniques. This was achieved by significantly reducing 
the error margin during model training using large volumes of simulated data. Recent updates to the f-chart 
method have incorporated real-time weather data, enhancing the adaptability of the tool to various climates [14]. 
Wu et al.[15]  a  two-dimensional model of the Trombe wall's thermal efficiency and air purification capabilities 
was numerically investigated. The relationships between the diffusion and convection and free convection heat 
transfer equations were used to solve several physical fields. The numerical results were closely aligned with 
the experimental data found in the relevant literature. Environmental factors, operational conditions, and 
geometric structures influenced the rate at which the Trombe wall degraded formaldehyde and its thermal 
performance. The findings demonstrated that the thermal efficiency decreased as the ambient temperature and 
solar radiation increased; conversely, higher air inlet temperatures and ambient wind velocities improved 
performance. Notably, the thermal performance increased initially but then declined as the channel width 
increased, with a maximum thermal efficiency of 53% reached at a width of 0.04 m. A distinct pattern of 
increasing and subsequently decreasing air purification rates was observed across all variables. Si et al. [16] 
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proposed an innovative envelope connecting passive solar buildings with variable thermal performance. Field 
tests validated the practicality of establishing an ideal indoor environment, particularly in cold plateau regions, 
by combining a transparent building envelope with a step-operation control technique. The results from these 
trials indicated that the proposed building envelope effectively enhanced heat gain and maintained a comfortable 
indoor temperature, even in extreme weather conditions. The highest recorded room temperature during the 
investigation was 21 degrees Celsius, while the average temperatures ranged between 13.5 and 14.0 degrees 
Celsius.  
Al-Maliki and Al-Nadawi [17] noted that solar thermal energy has become essential as advancements in building 
construction engineering and natural energy sources continue. This study investigates the long-term thermal 
performance of an absorber-storage wall system using the Utilizability, f-chat approach (generic design). 
MATHLAP was employed to solve the mathematical model equations related to thermal performance and to 
calculate the system's solar fraction factor (f) for the four winter months of November to February, utilizing 
daily weather data from Kut city based on monthly averages. This analysis revealed that increasing the wall 
area and decreasing the wall thickness improved the solar fraction factor. Among different materials, concrete 
outperformed bricks and stones, achieving a maximum solar percentage factor of 94.16% in November with a 
wall size of 60 m² and a thickness of 10 cm. Additionally, the study found that the average solar fraction factor 
for the passive heating system was 0.7. Solar energy could cover up to 70% of room heating needs, depending 
on the climate. Alayi et al., [18] in this article, a system designed in this research is presented that can satisfy 
75% of the hot water use rate, and if an auxiliary heat source is utilized alongside this system, this will satisfy 
the entire hot water needs of the building year-round. Juan et al. [19] noted that solar thermal systems are 
increasingly recognized as a viable option for generating heat for industrial processes in the context of a push 
for zero-carbon energy. This technology is employed in various applications; however, no consensus exists on 
the best methods for scaling or controlling these systems. The variability of solar energy and the fluctuating 
thermal demands of industries necessitate specific design strategies. Huang et al.,[20] this work outlined the 
reforms were applied to the hot water supply system. The operational strategy was modified as well. The other 
apartment remained unchanged. The energy consumption, solar fraction, water supply quality, and economics 
of the two systems were analyzed and compared. The results indicated that the transformation plan is reasonable 
and feasible. The solar fraction had a significant improvement in the transformed system. The original system 
water supply temperature fluctuated from 35 °C to 60 °C, but it was shown to stabilize between 40 °C and 50 
°C after the transformations. The average power saving rate of the transformed system reached 72.70%, and 
this economic benefit is very good. Moreover, the TRNSYS simulation software was used to model and 
optimize the control of the system.  

1.2. The utilizability method (ϕ ̅) 

The utilizability method (ϕ ̅) used for designing solar systems computes the thermal performance of solar 
systems over time using traditional flat-plate collectors. Whillier proposed this in 1953 [21]. The fundamental 
basis of this method, known as the ϕ-curve method, is examining hourly meteorological data. The required 
computations are executed hourly, once a month, at solar noon. Liu and Jordan [22] Further, the seasonal and 
geographical elements technique was developed. With this expansion created from daily data, building usability 
curves at any position and tilt is feasible using the clarity index (KT). Zlateva,[23]In this paper the long-term 
performance of flat-plate and evacuated tube solar collectors operating under varying conditions will be 
assessed. The analysis will include the calculation of the daily utilizability factor, which is defined as the ratio 
of total monthly solar radiation over an inclined surface to the critical value, and Collares-Pereira and Rabl [24]. 
Calculations must be performed hourly. This method significantly improved benefits while decreasing 
complexity, as seen by the monthly average daily usage. 

1.3. The" ϕ ̅ f-chart design” technique for solar power systems with closed-loop systems 

 Researchers Klein and Beckman [25] Developed a method that combines the f-chart technique with the 
Utilization principle, offering an alternative approach to system development. The closed-loop system 
illustrated in Fig. 1 represents one possible way to integrate this technology into a solar energy system. It is 
important to note the assumptions made to depict the solar system in Fig. 1.  The" ϕ ̅ f-chart design” technique 
for solar power systems with closed-loop systems. First, the storage tank must be filled with a highly vaporizing 
liquid or pressurized accordingly. An auxiliary heater must be installed parallel to the solar system. The energy 
supplied to the load region must reach a temperature equal to or greater than a specified minimum applicable 
temperature (Tmin).  
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Figure 1. Solar Energy System Schematic Depicting a Closed-Loop Configuration [26] 

2. Mathematical analysis 

2.1. Utilizability concept 

The utlizability can be directly determined using the “Hottel-Whillier-Bliss” equation, as in Eq. (1), which is a 
function of the hourly “solar radiation” (Ht) and the concentrator's transmissivity-absorptivity product (τα) [27].  
  
                                                                   𝑄! = 𝐴"𝐹#[𝐻$(𝜏𝛼) − 𝑈"(𝑇% − 𝑇&)]                                               (1)      
As shown in the previous equation, a particular quantity of radiation is needed to raise the collector's absorbing 
surface temperature to the same level as the fluid's inlet temperature. Putting the value of Qu to zero in Eq. (1) 
yields this minimal radiation level, abbreviated as (Ht,c), which is also known as the critical level which is 
illustrated in Eq. (2): 
 
                                                                      𝐻$,(	 = /*!+"(-#.-$)

*!(01)
0                                                                     (2) 

The amount of incident solar radiation must exceed a critical threshold for the solar collector to produce usable 
energy. Modify the equation accordingly by substituting Eq. (2) into Eq. (1) gives the following relationship: 
 
                                                                     𝑄! = 𝐴"𝐹#(𝜏𝛼)1𝐻$ −𝐻$,(2                                                          (3) 
The useful hourly energy shown in Eq. (4) collected at a specific hour of a specific day and calculated on an 
average basis over a long period (usually a month) of N days can be written as follows [25] [28]: 
 
                                                                  𝑄!23333 =

3%*!(01)
4

∑ 1𝐻$ −𝐻$,(24                                                           (4) 
Assume that  𝐻$2333represents the average monthly value of hourly solar radiation at a particular hour of a specific 
day. Therefore, the hourly utlizability Φ will be a fraction or part of the amount  𝐻$2333  with a level higher than the 
critical level Ht,c, and thus shown in Eq. (5): 
                                                                                       ∅ = 5

4
∑ 67&.7&,"8

7&(
99994                                                         (5) 

                 
As an example of the average monthly value of collected useful energy for a specific hour of the day, one can 
write it as [19]: 
                                                                                      𝑄!23333 = 	𝐴"𝐹#(𝜏𝛼)𝐻$2333∅	                                                   (6) 
The product of the total daily radiation incident on the tilted solar collector R8 ∗ H8 and (H:333) can be utilized to 
simplify the utilizability computation. Thus, the average utilizability per month (∅8)  is the percentage of total 
solar radiation during a month with N days, which is more than the critical level as in Eq. (7): 
                                                                               ∅8 = ∑ ∑ 67&.7&,"8

7&9999	4;<!=>?&@>                                                (7) 
The critical level can be redefined in terms of the monthly average values of transmissivity-absorptivity product 
(τα333) and ambient temperature during daylight hours (TA8 ) as illustrated in Eq. (8):  
 
                                                                                    𝐻$,( =

*!+"(-#.-$999)
*!(019999)

                                                           (8) 
The following relationship can give the “monthly average” of the accumulated daily useful energy: 
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                                                                                     𝑄!3333 = 	AB𝐹#(𝜏𝛼333)𝐻$333𝜑3                                                     (9) 
According to the following relationship (ϕ8)  the monthly clearness index   (K8C)   plus two other variables, the 
geometry factor BD)

DE
C and the lowest value of the monthly average critical radiation ratio (X‾ F), may completely 

characterize the value of (ϕ8) [29] [30].  

                                                                                      𝜙3 = 𝑒[3HIJ
!*
! KJL%9999H"L%9999

+K]                                           (10) 
  

Where: 
𝐴 = 7.10 − 20.00𝐾8- + 12.08(𝐾8-)N

𝐵 = −8.02 + 18.16𝐾8- − 10.68(𝐾8-)N

𝐶	 = 	−1.02 + 4.10𝐾8- − 1.96(𝐾8-)N
 

R8, in the given equation, is the monthly average total radiation tilt factor, which is the ratio of the total solar 
radiation falling on the collector's tilted surface to the total solar radiation falling on the horizontal plane. 
 
                                        𝑅3 = 7&9999

7E
= B1 − 7,9999

7E
C𝑅I3333 +

7,9999
7E
B5H(<>	 O

N
C + 𝜌P B

5.(<>	O
N

C                                             (11) 

 7
E,
7E

 : Monthly average daily diffuse-to-total radiation ratio 

                                       7
E,
7E
= 1.391 − 3.560𝐾8- + 4.189(𝐾8-)N − 2.137	(𝐾8-)Q                                            (12) 

𝐾8- =
𝐻8
𝐻8<

 

ρR	: ground reflectance, if there is no snow on the ground,	ρR = 0.2 [24] 
 

                                                         𝑅3I =	
(<>(S.O) (<> T >%U ;-V H

.
/01;-

V >%U(S.O) >%U T

(<> S(<> T >%U ;-H
.
/01;- >%U S>%U T

                                             (13) 

hS: Sunset hour angle on a horizontal surface 
                                                                              ℎ> = cos.5	(−tan	 𝐿 ⋅ tan	 𝛿)                                             (14) 
 
ℎ>d : Sunset hour angle on a tilted surface 
                                                       ℎ>d = min(ℎ>, cos.5(− tan(𝐿 − 𝑆) ⋅ tan 𝛿))                                             (15) 
 
Where S is the surface tilt angle, L is the latitude angle of the location on the earth, and δ is the solar declination 
angle. 
Rn in Eq. (10) represents the ratio between the total solar radiation at noon falling on a tilted surface to the total 
radiation at noon falling on the horizontal plane calculated based on the monthly average. It can be expressed 
by: 

                𝑅U = B1 − =,*
=*
⋅ 7,
9999
7‾
C𝑅I,U + B

=,*
=)
⋅ 7,
9999
7‾
C B5HFXY	 O

N
C + 𝜌R B

5.FXY O
N

C                                              (16) 

The ratio of total radiation at noon to daily total radiation is denoted as (	rZ[) in this context, and the ratio of 
diffuse radiation at noon to daily diffuse radiation is denoted as (r[).  At solar noon, the angle h = 0 can be 
expressed as the hourly value of, so: 

                                                             rZ[ =
\
N]
× l 5.FXY	(;-)

Y^[	(;-).J
.
/01)×;-	×FXY	(;-)K

m                                              (17) 

					𝑟U 	= 𝑟?⋅U11.07 + 0.025	sin	(ℎ> − 60)2 

Ra[ Eq. (16) represents the ratio of noon beam radiation on a horizontal surface to that on a slanted surface: 

                                                              𝑅IU 				=
FXY(b.O) FXY THY^[(S.O) Y^[ T

FXY bFXY THY^[ bY^[ T
			

	
                                              (18) 

This equation states that the critical radiation ratio (X8B)  should be averaged monthly and is the ratio of the 
radiation at noon to the critical level. On a typical day of the month, this ratio should equal the total radiation 
for the day. Another way to put it is: 
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                                                                                            𝑋3" =
7&,"

=*#*7E
                                                            (19) 

Or 
                                                                             𝑋3" =

5
=*#*cE27E3

/*!+%(-#.-
9$)

*!(019999)
0                                                (20) 

2.2. The	𝛟8	 f-chart design method for closed-loop solar energy system 

Merging these two design approaches created a hybrid of the utilizability and f-chart methods proposed by [31]. 
According to the ϕ ̅   f-chart method for enclosed solar energy systems, such as the one depicted in Fig. 1, the 
energy delivered to the load must exceed a practical minimum temperature. In contrast, the temperature of this 
energy should not impact the system's efficiency [32] . The ϕ ̅   f-chart design approach achieves its peak 
performance when the inlet temperature of the collector fluid is set at Tmim.. according to Eq. (8), the crucial 
radiation level will thus be:  
 
                                                                               𝐻$,(	d%U = /*!+"(-4#4..-9$)

*!(019999)
0                                                (21) 

By analogy with Eq. (9), the maximum collected solar energy can be written as: 
 
                                                                           𝑄eAf = 𝐴" 	𝐹#(𝜏𝛼333)𝐻‾$𝑁∅‾eAf                                                (22) 
The maximum monthly average daily utilizability, denoted as ∅‾eAf, can be determined using Eq. (10) and the 
minimal critical radiation ratio, denoted as (X‾ F, min) as given by Eq. (23), where N is the number of days in 
the month. 
                                                                      𝑋‾(, mim. =

5
=*#*7‾

/*!+"6-
(
4#4..-9$8

*!(019999)
0                                               (23) 

It is noted that the useful minimum temperature Tmim. has been placarded in the above equation by the effective 
minimum temperature 𝑇d%d.2  in order to deal with the low efficiency of the load heat exchanger in closed-loop 
systems. To adapt the solar fraction (f) to the monthly load energy (D), the effective minimum temperature can 
be defined by: 
 
                                                                                            𝑓 = "66-787

( .-7878
h

                                                (24) 
For closed-loop systems                                                         				𝐶S =∈			                                                         (25) 
           
                                                                                      𝐶d%d =∈ (𝑚̇	𝐶i	)d%d                                                (26) 

 
The product of the load heat exchanger efficiency and the minimum monthly heat capacity rate across the heat 
exchanger. How the maximum monthly gathered energy (Qmax.) compares to the actual monthly collected energy 
(Qu) is established according to the simulation results in the ϕ ̅   f-chart design approach. 
 
                                  𝑄! = 𝑄d&j − 𝑎 × 1𝑒kl − 12 × (1 − 𝑒(L) × 1𝑒?m2 × 𝐷                                             (27) 
Where: 
a= 0.015 (Ms 𝐶i /350)-0.76                           
b= 3.85    ,    c = - 0.15     ,      d = - 1.959 
                                                                          X=𝐴" 	𝐹x#𝑈" 	(100	℃) (∆t/D)                                                (28) 
Z=D/𝐶S	(100	℃) 
Storage tank energy loss is dealt with in the  ∅8, 𝑓 − 𝑐ℎ𝑎𝑟𝑡 method by a 	𝑇>  that satisfies the energy balance 
equation 

                                                       𝑓𝐷 = 𝑄! − (𝑈𝐴)>(𝑇> − 𝑇n[o	)Δ𝑡																			                                       (29)                                                                 
The monthly average storage temperature	𝑇> for energy loss calculation as defined in Eq. (28) is correlated with 
the effective minimum useful temperature 		𝑇e^e2 prime in the following expression. Here is a formula that 
correlates the monthly average storage temperature 	𝑇>  for energy loss calculation with the effective minimum 
usable temperature 		𝑇e^e2  prime), as specified in Eq. (29). 

                                                              𝑇> = 𝑇e^e2 + 𝑔~𝑒pl − 1�𝑒;m                                                          (30)                              
Where: 
g = (0.2136℃ )(Ms Cq /350).r.sr]   , h=-4.002 , k=4.702 
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Applying the Ø8, f-chart method in designing solar water heating systems necessitated an iterative solution for 
determining the effective minimum useful temperature and, consequently, the solar fraction factor (f). 

2.3. Solar system performance analysis 

The performance of the closed loop solar system Fig. (1), which can be used as one of its applications for 
supplying thermal energy (hot water) needed to operate the generator of an absorption chiller that can be 
connected to the system, has been studied in this research using the Ø8,  f- chart method to calculate the solar 
fraction factor (solar contribution) of the system. The solar fraction factor values of the system have been 
calculated on a monthly basis for each of the summer months during which the system can operate, which are 
the months (5, 6 ,7 ,8 ,9). The calculations were carried out on a geographical location (Baghdad city/Iraq) at 
latitude 33.32o N on different solar collection areas and on various types of solar collectors by building a 
computer program (MATHLAP) to carry out these calculations according to the assumptions and operating 
conditions listed below: 
• The thermal energy required to be supplied to the generator of the absorption chiller is 25 kW for 10 hours 

per day at a minimum temperature of 80℃ during the summer months when the system can operate. 
• The solar system is located in Baghdad City/IRAQ at latitude L = 33.32°	N.  The flat-plate collectors are 

oriented south at a tilt angle of  S =23.32°.The angle was chosen is approximately the latitude of Baghdad, 
which is roughly 33.3°. However, many solar applications will use a tilt angle of (latitude - 10°) to optimize 
for performance in the summer months. A tilt angle of 23.32° was chosen based on [5]. 

• The value of the ratio	τα333 /(τα) n, is 0.96 for the solar collector with one transparent cover and 0.94 for the solar 
collector with two transparent covers [27,33]. 

• The value of the ratio FD2 FD⁄  which represents a measure of the thermal performance penalty that must be 
paid due to using a heat exchanger in the collection loop, is equal to 0.96 [34]. 

• load heat exchanger effectiveness value  ∈	b = 0.72	,with a minimum heat capacity of the fluid in this 
exchanger(ṁ	Cq	)e^e  =3400 W/K. 

• overall heat losses coefficient of storage tank value  (UA)Y = 6	W/K ,with a temperature of the storage tank 
environment			Tn[o 	= 24℃. 

•Table 1 lists solar radiation data and climatic conditions for the geographical location (Baghdad city). 

Table 1. Climatic Conditions for Baghdad City (Iraq) Latitude 33.32°N 

Month T8A	℃ H8 MJ/m2.day K8T 
May 29.028 24.957 0.624 
June 32.001 25.409 0.627 
July 36.485 25.976 0.650 

August 35.858 24.397 0.660 
September 31.463 21.404 0.700 

N.B:  The average values of the coefficients (T8A	), (H8) and (K8C) were determined using the daily readings over 
five years, values collected from weather stations linked to “the Iraqi Ministry of Agriculture.” 
•During the research, four types of solar collectors were used: 
1. Type A: Single transparent cover solar collector with absorbent surface painted in standard black color. 
2. Type B: Single transparent cover solar collector with absorbent surface coated in black selective material. 
3. Type C: Solar collector with two transparent covers with an absorbent surface painted in standard black 

color. 
4. Type D: Solar collector with two transparent covers with an absorbent surface coated with black selective 

material. 

Table 2. Comparison of the Four Types of Solar Collectors 
Collector 

Type 
Number of 
Transparent 

Covers 

Absorber Surface 
Coating 

FR(τα)n FRUC 
(W/m²·K) 

Key Features 

Type A 1 Standard black 
paint 

0.74 6.58 Basic design, high heat loss, and lowest 
solar fraction performance 
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Type B 1 Black selective 
coating 

0.74 5.10 Improved absorption, reduced 
emissivity, moderate performance 

Type C 2 Standard black 
paint 

0.684 4.02 Enhanced insulation, but absorber not 
optimized for selective absorption 

Type D 2 Black selective 
coating 

0.684 2.89 Best thermal performance, lowest heat 
loss, highest solar fraction 

 

 
The standard efficiency test chart for the four types of solar collectors employed was used to get each 
coefficient's value FDUB, and FR(τα)n,  [35,36] FR stands for the collector's heat removal factor, τ for the 
transmissivity of the transparent cover, and α for the absorber plate's absorption. In Table 3, can see the values 
of every collector. 

Table 3. Value of FRUC and 𝐹#(𝜏𝛼)U for the solar collectors used [37,30]. 

Coefficient Collector Types 
 Type A Type B Type C Type D 

FRUC  6.58 W/K 5.10 W/K 4.02 W/K 2.89 W/K 
FR(τα)n 0.74 0.74 0.684 0.684 

 

3. Results and discussion 

The quantitative findings of this study are laid forth in great detail. For the five summer months (May–
September), it utilized the MATHLAP software to solve the system mathematical model described in paragraph 
3. It used four distinct varieties of solar collectors: type A, a black collector with a single cover; type B, a 
selective absorber collector with a single cover; type C, a black collector with two covers; and type D, a selective 
absorber solar collector with two covers. Because of this, there were able to calculate the values of the solar 
fraction factor (f) for the suggested system. The values of the ambient temperature (T8A),  the intensity of the 
solar radiation on the horizontal surface (H8),  and the clearness index (K8C)  during the months in which the 
computation was conducted are shown in Table 1 for the city of Baghdad (Iraq). 

3.1. The effect of solar storage capacity on solar fraction factor 

Figures (2) illustrates the variation of solar fraction factor (f) with different values of storage capacity ranged 
between 25 - 125 kg of water per square meter of collector area, for four different types of solar collector (Type: 
A, B, C, and D), for one collection area (80) m2, and during 5 months of cooling season between May and 
September at Baghdad city / IRAQ.  In all of these Figures, it is noted that increasing the storage capacity leads 
to a slight increase in the solar fraction. The increase in storage capacity (MS) can be attributed, according to 
the mathematical modeling of the Utilization, f-chart method (mentioned in section 2-2), to an increase in the 
value of the parameter a, which in turn leads to an increase in the useful energy gain (Qu) as shown in Eqn. 
(27). On the other hand, the increase in storage capacity also leads to an increase in the size of the solar collection 
tank, which in turn can cause an increase in the amount of heat loss from the tank to the surrounding 
environment. Therefore, the designer of the solar system must take care to choose the size of the solar collection 
tank to the extent that the heat loss from the tank does not become so large that it covers the benefit of increasing 
storage capacity.  In addition, the Figure shows that the highest values of solar fraction were obtained from the 
solar collector type D, while the lowest values were obtained from the solar collector type A. The average values 
of solar fraction in this study were obtained from solar collector types B and C.  In a solar collector, the 
transparent cover (glass cover) is used to reduce the convection losses from the absorber plate through the 
restraint of the stagnation air layer between the absorber plate and the glass. It also reduces the radiation losses 
from the collector because the spectral transmissivity of glass is such that it is transparent to short-wave radiation 
emitted by the sun and reflected by the sky, but nearly opaque to long-wave thermal radiation emitted by the 
interior of the collector. When two or more transparent covers are used, the radiation-convection losses are 
further reduced, as there are more surfaces to impede radiation and more stagnant air layers to impede 
convection. Radiation losses from the absorber of the solar collector can also be decreased significantly when 
the receiving surface has selective properties. Selective surfaces have height absorptivity for radiation in the 
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solar range of wavelengths and low emissivity for long-wave thermal radiation.  The Figure also shows that the 
highest values of solar fraction (f) were obtained during September. 

  
a. Fraction Factor with Storage Capacityin May, Ac 

=80m2 
b. Fraction Factor with Storage Capacity in June, Ac 

= 80m2 
 

  
c. Fraction Factor with Storage Capacity in July, Ac 

= 80m2 
d. Fraction Factor with Storage Capacity in August, 

Ac = 80 m2 

 
e. Fraction Factor with Storage Capacity in September, Ac = 80 m2. 

Figure 2. Fraction Factor with Storage Capacity for Different Types of Collectors at Different Months. 

3.2. The effect of collector surface area on solar fraction factor 

Figures (3) show the relation between collector area (AC) and the solar fraction factor (f) for four solar collectors 
used, for one mass of water in the storage tank MS (75 kg of water/m2 of collector area, and for five months of 
the summer season.  Drawing the relationship between the solar collecting area and the solar fraction factor is 
a very useful tool that can be placed in the hands of the designer of the solar system through which, and 
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according to the economic criteria, a correct decision can be taken with regard to the required size of the system 
for a specific application. So, the designer can choose between designing a large-sized solar system with large 
collecting area and little dependence on the auxiliary system (that work on conventional fuel) or designing a 
solar system of a small size with great dependence on the auxiliary system or any other design that meet the 
economic consideration.  
It is noted in all the aforementioned figures, that the solar fraction factor (f) of the solar system increases in 
approximately linear relation with the increase of solar collector area. By referring to the mathematical model 
for determining the thermal performance of the solar system and calculating the solar fraction factor for this 
system, it is noted that the solar collector area (AC) interfere with the calculation of the parameter X (equation 
28),  an increase in collecting area leads to an increase in the value of this parameter and thus ultimately 
increasing both the rate of useful gained energy (equation 27) and finally the solar fraction factor.   
In addition, the Figures show that the highest values of solar fraction factor were obtained from the solar 
collector type D while the lowest values were obtained from the solar collector type A. The average values of 
solar fraction in this study were obtained from solar collector types B and C.  
The figure also shows that increasing the collector area to a reasonable limits) slightly larger than 100 square 
meter) especially with solar collector type D, to reaching the values of f, during the months of peak solar 
radiation, equal to one. This meaning that the solar system in this case will be able to supply the full heat load 
required to the absorption machine operated by this system. 

  
a. Fraction Factor with Collector Area in May, Storage 

Capacity MS = 75 kg of Water/m2 Collector Area. 
b. Fraction Factor with Collector Area in June, Storage 

Capacity MS = 75 kg of Water/m2 Collector Area. 

  
c. Fraction Factor with Collector Area in July, Storage 
Capacity MS = 75 kg of Water/m2 Collector Area. 

d.Fraction Factor with Collector Area in August, Storage 
Capacity MS = 75 kg of Water/m2 Collector Area. 
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e. Fraction Factor with Collector Area of in September, Storage Capacity MS =75 kg of Water/m2 

Collector Area. 
 

Figure 3. Fraction Factor with Collector Area of Different Types of System different months, Storage 
Capacity MS =75 kg of Water/m2 Collector Area. 

3.3. The effect of weather conditions in the months of the year on solar fraction 

Table 4 presents the solar fraction factor (f) values for several types of collectors (A, B, C, and D) during the 
summer months from May to September. The analysis utilized an 80 m² solar collector area with a storage 
capacity of 75 kg/m². In September, the most efficient solar collector was type D, which featured a specialized 
absorbing surface and two transparent covers, achieving a solar fraction factor of 0.94928. Conversely, the type 
A collector, with a single transparent cover and a conventional black absorbing surface, displayed the lowest 
performance, recording a solar fraction factor of 0.37829 in May. Meanwhile, types B and C collectors exhibited 
moderate performance, with solar fraction factor values ranging from 0.53305 for type B in May to 0.81246 for 
type C in September. According to Table 1, the decrease in ambient temperature during September contributes 
to the noticeable increase in solar fraction factors for that month. Lower ambient temperatures reduce the 
system's thermal load and decrease the collector's inlet fluid temperature. However, the fluid in the storage tank 
or connecting pipes may lose some heat due to heat exchange with the cooler surrounding air, leading to a drop 
in temperature before reaching the solar collector. Consequently, solar collectors operate more efficiently under 
these conditions. 

Table 4. Solar Fraction Factor of Different Types of Collectors with the Collector Area 80m2, Storage 
Capacity 75kg/m2 Collecting Area. 

Months 
Solar fraction factor(f) 

Type A Type B Type C Type D 
May 0.37829 0.53305 0.58056 0.73368 
June 0.37976 0.53351 0.58040 0.73232 
July 0.43997 0.58574 0.62404 0.76263 

August 0.51916 0.66503 0.69940 0.83434 
September 0.62626 0.77794 0.81246 0.94928 
 
The excellent performance of Type D collectors, having two transparent covers and a selective black absorber 
surface as an example[38], has highlighted that selective coated solar collector and a double-glazed solar 
collector can considerably lower both the radiative and convective losses and thus improve on the thermal 
efficiency when the solar radiation is high. On the same note,[39] flat-plate collectors could attain a solar 
utilizeability of over 0.90 with the application of selective surfaces and optimal tilt angles. As it can be seen in 
the current study, the solar fraction factor of Type D collectors in September was 0.949, matching the values 
obtained , who optimized large-area systems with simulation-based optimization to achieve maximum solar 
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fractions of up to 0.94. These findings[38] validate the f-chart method as a tool of preliminary design and 
demonstrate that the closed-loop system with Type D collectors works on the high-performance side of reported 
performance bands in similar climatic regions. In comparison, Type A collectors, without selective coatings and 
having a single cover, rated as low as 0.378 solar fraction, confirming the literature conclusion that the 
traditional absorber design is inadequate to high-efficiency operation in hot-climate environments. Thus, this 
research both confirms earlier results, but also shows that large performance improvements can be obtained by 
fairly modest improvements in collector design - particularly when combined with such tools as the f-chart 
approach to early-stage system sizing. 

4. Conclusion 

This research has highlighted the importance of solar water heating systems in supporting the thermal energy 
requirements of absorption refrigeration units, especially in hot, dry climates such as Baghdad, Iraq. In this case 
the results of this study identify, rather than repeating technical results, the following valuable perspectives for 
the design and optimization of solar thermal systems in such regions: 
Prioritize Collector Efficacy High-efficiency collectors (e.g. Type D with selective black coatings/double 
transparent covers) have consistently demonstrated higher thermal performance. By reducing radiative and 
convective heat losses, high-performance collectors will maximize solar energy usage, where solar radiation is 
at its greatest. Increasing System Size through Collector Area is More Effective than Increasing Storage Volume 
While storage capacity is beneficial for stabilizing performance, the results suggest that increasing the surface 
area of the collectors is a more effective strategy for increasing the solar fraction. Again, this makes the original 
sizing of the collector, early in the design process, very important. The f-Chart Method is a Useful Design Tool 
The near perfect fit between simulated results and expected ranges confirms that the f-chart method is useful 
for initial system sizing. In practical terms, it allows designers to make reasonable performance predictions and 
adjust parameters. Implications on Future Systems Being Designed for Arid Regions For communities with 
weather patterns similar to Baghdad, acquiring advanced collector technologies and better sizing techniques can 
allow for nearly complete operation with solar energy during peak loads in summer. Overall, this will reduce 
grid dependency while creating sustainable cooling options for this hot climate. 
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