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Abstract. The Andean Equatorial Region, due to its 

geographic location, shows great potential for using solar energy. 

Solar thermal energy is of interest in the residential sector in 

Ecuador and other Andean countries as a method to avoid fossil-

derived fuels consumption. However, previous learnings of the 

operation of solar water heating systems in other latitudes cannot 

be used in the conditions of Ecuador. Thus, the performance of the 

solar thermal energy systems in this geographic region deserves 

further study that consider typical high levels of cloudiness and 

fast climate oscillations. The objective of this work was to 

investigate the effect of the orientation of solar thermal plates on 

their energy efficiency and model the behaviour of these systems 

to predict their operation under Equatorial Andean climate 

conditions. For the F-Chart calibration different slopes angles were 

used, according to the typical roofs slopes in Cuenca, Ecuador. 

Results showed a monthly solar fraction, contributed by an 

evacuated tube collector is 26% higher than the flat plate 

collectors. The results also depict that, in the conditions of Cuenca, 

the greater solar water heating occurs when the collector is inclined 

14° and facing towards the south. These findings can be used to 

predict the best operational conditions for using solar thermal 

energy collectors to produce hot water in the residential sector 

under equatorial highland altitude conditions. 

 

Key words. Solar Energy, Andean Cities, Flat Plate 

Collector, Evacuated Tube Collector. 

 

1. Introduction 
 
Global economic growth is responsible for constant 

increase on energy consumption [1]. Among the energy 

sources that are used to supply such energy demand, solar 

is becoming widely used for both power production and 

heating requirements. Solar energy is by far the source with 

the greatest potential among renewable energy sources [2]. 

One of the most common and efficient ways for taking 

advantage of the solar is for domestic hot water (DHW) 

production [3], [4]. In Europe, since the nineties it has 

existed a strong commitment to use of solar thermal 

technologies (ST) at large scale, especially in the household 

sector [5], [6]. Conversely, Latin America still uses fossil 

fuels, especially petroleum liquid gas (LPG) as the main 

energy source, representing around 26% of the energy 

matrix of the region [7]–[9]. In Ecuador, the State’s 

spending on LPG subsides in 2019 was 764.4 million 

dollars [10], which represented approximately 20% of the 

State’s budget for education in the same year. The 

resources spent on LPG and other imported fuels (e.g., 

diesel) are onerous to the country. Currently, Ecuador 

imports more than 70% of the LPG  which is used mostly 

in the residential sector for cooking and water heating (no 

heating demands are in Ecuador). Moreover, despite of 

LPG being a “clean fuel” in comparison to other 

hydrocarbon fuels, it’s still a net CO2 emitter. 

Furthermore, Ecuador’s LPG distribution system is very 

inefficient (i.e., it uses land transport, which also burns 

subsidized diesel) and dangerous. The ST technology is a 

promising clean alternative for residential water heating in 

the country and the required equipment can be locally 

manufactured [11], generating local employment and, at 

the same time, avoiding LPG use.  

 

The Andean equatorial zone offers a high potential for the 

implementation of ST technologies. This part of the planet 

is a privileged place due to high solar radiation rates that 

can be used for thermal applications [12] and photovoltaic 

electricity production [13], [14]. In this region there is a 

constant weather condition, and direct and diffuse solar 

radiation as well through the year, they also have a 

growing demand for energy, and thermal requirements 

have notably increased [15]–[17]. Nevertheless, the 

potential of ST traditional technologies is hindered by the 

cloudiness variability and temperature changes throughout 

the day. Such particular weather conditions in Andean 

highlands has not been considered in previous studies and 

models that could be used for predicting the potential of 

this type of energy in the region. This correlates to a 

reduction of pollutants and climate change [18]. 

Determining the energy capacity of different solar 

technologies is essential to know the real local capability 
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[19], [20]. A ST system allows to turn the solar radiation 

into thermal energy.  

 

In a solar water heating system (SWHS) the solar collector 

is the most important component that acts as a heat 

exchanger, takes the solar irradiation temperature and 

transmit the captured irradiation to the circulating fluid [19]. 

Therefore, the correct selection of the technology is 

important when installing SWHS,  this depends on the heat 

restrictions and the environmental conditions of a place [1], 

[19], [21]. Furthermore, an ideal condition is that it can be 

deployed in edifications and urban areas [22] because, 

unlike photovoltaic electricity, the transfer of the heat 

generated, just like its long storage, implies major energy 

losses. The ST technologies most commercially used for the 

production of DHW are evacuated tube collectors (ETC) 

and flat plate collectors (FPC) [1], [3], [19]. 

 

The FPCs are usually constituted by a flat glazed cover that 

allows access of solar irradiation to an absorption plate, 

configuring a solar box, which is usually dark colour to 

improve energy capture [21]. The plate transfers the 

captured energy to ducts in circulation conducts, which also 

transmit to a fluid that circulates through the ST collector. 

The solar box that boosts the heat through the greenhouse 

effect is magnified through layers of insulation that reduce 

losses by convection effect to the external air. The glazed 

surface which covers the collector, also allows the 

greenhouse effect between the covered surface and the 

absorption plate, thus reducing radiation losses [3], [23]. In 

the ETCs, a long plate with a heat tube exchanger is inside 

a vacuum sealed glass tube. As there is low amounts of air 

inside the tube or air in stationary state, which allows 

convection losses to be very low, which means higher 

efficiency in cold climates[12], [24], [25]. Given the 

occurrence of climate oscillation in the region, temperatures 

vary from cold to moderately warm, thus causing high and 

constant levels of both direct and diffuse radiation. In 

regions with climate oscillation between moderated hot and 

cold in fast-changing proportions of direct and diffuse 

irradiation it is important to compare these two 

technological possibilities for a better selection. One of the 

easiest ways is by determining the contributed solar 

fraction.   

 

Nowadays, there are some methods and tools that are more 

or less precise and allow estimating for the solar thermal 

performance of solar heating systems. These tools are based 

on static or dynamic simulations that seek to determine the 

solar fraction or contribution to specific energy 

requirements [26].Using the parameters of the proportion of 

usable energy, compared to the total amount of captured 

radiation, we can calibrate a universal method among the 

available tools. The F-Chart method is widely used around 

the world as it allows for a fast and relatively easy way to 

estimate the long-term thermal performance expected in ST 

collectors. Besides, it is widely used for the design of active 

and passive heating systems and, particularly, for the 

evaluation of the ST collector's performance [27]. Once the 

tool has been validated, ST storage can be planned with 

optimized storage [28]. This method is easily programmable 

in spreadsheets. In countries such as Chile this tool is freely 

distributed through the Ministry of Energy [29]. 

Nevertheless, it's important to emphasize that the method 

that uses the information (e.g., solar radiation, temperature 

of water and air network, thermal demand and solar 

incidence) must be locally analysed. 

 

The objective of this study is to determine both ETCs and 

FPCs efficiency, and the solar fraction for thermal demand 

of a family by the F-Chart method calibration, taking in 

account different orientations and a slope that reflects the 

typical roofs in a city located in the Andean Equatorial 

Region, Cuenca – Ecuador.  

 

2. Materials and Methods 
 

This study focuses on the calibration of the F-Chart 

method in the Andean city of Cuenca – Ecuador, which 

presents a quasi-stationary climate, whose average 

ambient temperature is around 15 °C [30], [31] and it is 

located at latitude and longitude (-2.901691 ° S, -

79.010151 ° E) with an altitude of 2560 m.a.s.l. For the F-

Chart calibration, different degrees of inclination of 

typical roofs of the city were taken into account (14°, 

18.26°, 26.56° and 45°) [13] in order to deploy the solar 

plates in parallel to the roof’ surface to reduce architectural 

impact [32]. Therefore, it is necessary that there is 

methodical integration of different variables, including: 

incident solar radiation, environmental temperature, local 

water temperature and the thermal demand of a typical 

family of four. 

 

Local solar radiation and site temperature measurements 

were collected during the year 2019 by the Weather 

Station, Delta-T WS-GP2 model (United Kingdom) [33], 

with a time step frequency of 10 minutes. The temperature 

of the potable water network was also measured with the 

help of solar systems controllers (Solar Electronics SR-

658) [34]. The information was stored and processed 

following recommendations of the World Meteorological 

Organization (WMO) [35] and it was complemented by 

the available radiation quantification and the energy 

supplied calculation. 

 

The raw global incident solar radiation data on a horizontal 

surface obtained by the meteorological station was 

processed by means of correlated equations, which allows 

determining the solar resource in a specific area [36], [37]. 

With the Cooper equation (1), the declination (į) was 

obtained. Then, with equation (2), the hourly angle of 

sunset (Ȧs) was calculated, which depends on the 

declination and the latitude (ĳ). Later, using equation (3) 

and the solar constant (Ics =1367 W/m2) the 

extraterrestrial radiation on a horizontal surface (He) in this 

geographic location is determined. 

ߜ ൌ ݊݅ݏ 23.45 ൬360 284  ݊
365 ൰         ሺ1ሻ 

߱௦ ൌܽݏܿܿݎ ሺെ tanሺ߮ሻ tan ሺߜሻ ሻ         ሺ2ሻ 

݁ܪ ൌ
24
ߨ ௦ܫ  ൈ ܣ ൈ  ሺ3ሻ ܤ

ܣ ൌ ൬1  0.034 ݏܿ ൬360݊ ݏܿ
365 ൰ ൰  ሺ4ሻ 
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ܤ ൌ  ቀܿݏ ሺ߮ሻ ܿݏ ሺߜሻ ݊݅ݏ ሺ߱௦ሻ   ௦߱ߨ
180 ሻቁߜሺ ݏሺ߮ሻܿ ݊݅ݏ  ሺ5ሻ 

 

For the calculation of the monthly average value of 

terrestrial solar radiation on a sloped surface (Ht), the 

equation (6) was used [4], [37] which relates the direct 

radiation (Hb), the diffuse radiation (Hd), the value of the 

monthly average radiation measured with the 

meteorological station (Ho) which allows to establish the 

diffuse and direct radiation proportion and the daily direct 

radiation coefficient on a sloped surface. Then the monthly 

average value of the direct radiation on the ground (Rb) 

could be calculated with equation (7) [3]. Moreover, given 

the difficulty of calculating Hd, the Liu – Jordan correlation 

was used (8), (9) to determine this parameter. 

 

ݐܪ ൌ ܾܴ ܾܪ  1  cos ሺߚሻ 
2 ݀ܪ   ߩ  1 െ cos ሺߚሻ 

2   ሺ6ሻ      ܪ 

ܴܾ ൌ  ௦ ሺఝିఉሻ ୡ୭ୱሺఋሻ ୱ୧୬ሺఠೞ
ᇲሻ  ାቀ ഏ

భఴబ
ቁఠೞ

ᇲ  ௦ሺఝିఉሻ ୱ୧୬ ሺఋሻ  
ୡ୭ୱሺఝሻ ୡ୭ୱሺఋሻ ୱ୧୬ሺఠೞሻ ା ቀ ഏ

భఴబ
ቁఠೞ ௦ሺఝିఉሻ ୱ୧୬ ሺஔሻ  

         ሺ7ሻ 

݀ܪ
ܪ

ൌ 1.39 െ ܶܭ 4.02  ଶܶܭ 5.531 െ  ଷ          ሺ8ሻܶܭ3.108

ܶܭ ൌ
ܪ
݁ܪ

         ሺ9ሻ 

 

The DHW demand of a single family made up of four 

people is shown in Table I [38], [39]. The monthly average 

of the necessary thermal load to cover DHW needs at 60 °C 

of temperature of a typical family was figured out using 

equation (10) [39]. 

 

Table I DHW demand of a family made up of four people in 

Cuenca – Ecuador [38]. 

Activity 

                  Hour 

07:00 14:00 20:00 Total (per 

activity) 

Shower 52 L - 52 L 104 L 

Sink 20 L 16 L 20 L 56 L 

Kitchen Sink 8 L 16 L 16 L 40 L 

Total (per hour) 80 L 32 L 88 L 200 L/day 

 

ௌܦ ൌ ܸௌ  ൈ ߩ ൈ ܥ ൈ ൫ ܶ െ ܶௗ൯ ൈ ܰ       ሺ10ሻ 

 

Where DACS is the DHW demand (kWh), VACS is the DHW 

storage volume (L), ȡa represents the water density (1000 

kg/m3), Cp is the water´s specific heat (4187 J/kg°C), and 

Treq and Tred represents the required hot water temperature 

(°C) and the water network temperature (°C), respectively. 

The thermal load was calculated considering an increase of 

10% to compensate storage losses. The F-Chart method is 

based on equation (11). The proportion (fraction) of solar 

energy provided by solar thermal system is given by the f 

factor [27]. 

 

݂ ൌ 1.029ܺ െ 0.065ܻ െ 0.245ܺଶ  0.0018ܻଶ  0.0215ܺଷ ሺ11ሻ 

 

 

Where:  

ܺ ൌ ݕ݃ݎ݁݊ܧ ܾ݀݁ݎݏܾܣ ݏᇱݎݐ݈݈ܿ݁ܥ 
݀݊ܽ݉݁ܦ ݕ݃ݎ݁݊ܧ ݈ܽ݉ݎ݄݁ܶ ݕ݈݄ݐ݊ܯ         ሺ12ሻ 

ܻ ൌ
 ݕ݃ݎ݁݊ܧ ݐݏܮ ݏᇱݎݐ݈݈ܿ݁ܥ

݀݊ܽ݉݁ܦ ݕ݃ݎ݁݊ܧ ݈ܽ݉ݎ݄݁ܶ ݕ݈݄ݐ݊ܯ         ሺ13ሻ 

 

The thermal energy captured by the collector (CAE) is 

given by equation (14). 

ܧܣܥ ൌ ሻߙோሺ߬ܨ ൈ
ோԢܨ
ோܨ

ൈ
ሺ߬ߙሻ
ሺ߬ߙሻ

ൈ ݐܪ ൈ ܰ ൈ  ሺ14ሻ        ܿܣ 

Where FR(ĲĮ)n is the collector optical efficiency; that is, 

the ordinate at the origin of the characteristic curve. FR’/FR 

is the correction factor of the collector-exchanger 

assembly (0.96). (ĲĮ)/(ĲĮ)n is the angle of incidence 

modifier; in this case, it was used the one suggested by the 

collector’s technical test; N is the number of days of de 

month and Ac is the collector area (m2).  

Also, the energy losses in the collector (CEL) is given by 

the equation (15). 

ܮܧܥ ൌ ோܨ  ܷ ൈ Ԣܴܨ 
ܴܨ
ሺ100 െ ܶܽሻ ൈ οݐ ൈ ܿܣ ൈ ݇1 ൈ ݇2 ൈ ݇3  ሺ15ሻ 

Where, FRUL corresponds to the characteristic 

performance curve of the collector, determined under 

laboratory condition. k1 is the storage corrector factor 

(16), this factor can be used if the condition presented in 

equation (17) is satisfied. k2 is the correction factor that 

can be calculated with equation (18), this factor relates the 

minimum DHW temperature of the water from the 

network and the monthly average environment 

temperature. Finally, k3 is the slope and azimuth 

correction factor calculated with equations (19) and (20). 

݇1 ൌ ൬
݊݅ݐ݈ܽ݉ݑܿܽ ݂ ݃݇

75 ൈ ܿܣ ൰
ି.ଶହ

          ሺ16ሻ 

37.5 ൏ ݊݅ݐ݈ܽݑ݉ݑܿܽ ݂ ݃݇
݉ଶ ݀݁ ܿݎݐ݈ܿ݁ ൏ 300        ሺ17ሻ 

݇2 ൌ 11.6  1.18 ܶ  3.86 ܶௗ െ  2.32 ܶܽ
100 െ ܶܽ

         ሺ18ሻ 

݇3 ൌ 1 െ ቀ1.2 ൈ 10ିସ ൫ߚ െ ௧൯ߚ
ଶ  3.5 ൈ 10ିହ ߴଶቁ  ሺ19ሻ  

°15 ܽݎܽ  ൏ ߚ ൏ 90°         

݇3 ൌ  1 െ ቀ1.2 ൈ 10ିସ ൫ߚ െ ௧൯ߚ
ଶቁ       ሺ20ሻ 

ߚ ܽݎܽ  ൏ 15°         

Where ȕ is the actual inclination of the collector and ȕopt is 

the collector optimums slope, which corresponds to an 

inclination equal to the latitude [37], [40]. ࢡ is the 

orientation of the collector in which its performance is 

analysed. 

For this study case the characteristic curves given by the 

standardized tests of STC were use both for the FPC and 
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the ETC. Table II shows the obtained values for FR(ĲĮ)n and 

FRUL. 

Table II. Solar Collectors characteristics. 

Collector FRUL (W/m2°C) FR(ĲĮ)n (%) 
FPC 5.5 0.6675 

ETC 1.35 0.46 

 

Finally, the annual solar fraction (F) presented in equation 

(21) is the sum of the product of the monthly solar fraction 

by the monthly load, divided by sum of the the monthly 

load.  

 

ܨ ൌ  σ ଵଶ݅ܮ ݂݅
ୀଵ
σ ଵଶ݅ܮ
ୀଵ

        ሺ21ሻ 

 

3. Results and Discussion 

The average global solar radiation expected in the city of 

Cuenca during the year is relatively constant throughout the 

year, with a small variation compared to other latitudes. The 

trend changes during June and July, in which there is a 

decrease of 38% in comparison to September, which 

presents the highest radiation. Moreover, for both June and 

July, in Cuenca there is an increase on thermal demand by 

~6% in comparison to other months. Table III shows the 

data used for the parameterization of the F-Chart model. 

Table III. Data used for parameterization of the F-Chart model 

݄ݐ݊ܯ ௧ܪ כ ൬
ܹ݄݇
݉ଶ ൈ ൰ ܶௗݏ݁݉  ሺ°ܥሻ ܶሺ°ܥሻ ܮ ሺܹ݄݇ሻ 

January 4.081 13.43 15.43 299.544 

February 3.910 13.92 15.92 267.366 

March 4.121 13.89 15.89 296.229 

April  4.320 12.88 14.88 293.716 

May 4.192 12.21 14.21 308.335 

June 3.072 11.59 13.59 302.712 

July 3.599 11.70 13.70 312.010 

August  4.318 11.60 13.60 312.730 

September 4.984 12.57 12.57 295.878 

October 4.677 12.46 14.46 306.533 

November 4.509 13.19 15.19 291.555 

December 4.196 13.73 15.73 297.382 

*average monthly solar radiation, network temperature and air 

temperature measured with weather station; thermal demand 

calculated for a family made up of four people in the city of Cuenca 

– Ecuador. 

The analysis of the data shows that the solar fraction of the 

ETC decreases as tilt angle increase (Fig. 1), thus, this type 

of collector presents the highest solar contribution at a 14° 

slope and oriented towards south. This effect is repeated in 

the FPC, in which a similar behavior is observed (Fig. 2). 

It’s important to mention that angles less than 14° were not 

taken into consideration due to the typical slopes of the 

city's roofs. 

Also, the annual solar fraction of both technologies for the 

different orientations and slopes is presented below (Table 

IV). 

Table IV. Annual solar fraction measured for the orientations 

and inclinations proposed 

Inclination  Orientation  F - ETC F - FPC 
14° 

South  

0.405 0.341 

18° 0.397 0.283 

26° 0.376 0.263 

45° 0.299 0.194 

14° 

North  

0.405 0.341 

18° 0.342 0.333 

26° 0.321 0.313 

45° 0.244 0.243 

14° 

East/West 

0.405 0.341 

18° 0.279 0.225 

26° 0.258 0.206 

45° 0.181 0.137 

 

The monthly solar fraction contributed by the ETC is 26% 

higher than FPC. The solar contribution for both 

technologies drastically decreases by ~39% during June, 

July and August (Fig. 3). 

 

 

Fig. 3.  Monthly solar fraction contributed – FPC vs ETC 

 

The application of the F-Chart model shows that the 

highest yearly solar contribution Cuenca occurs when a 

collector is oriented towards the South, which is part a 

consequence of the less cloudiness when the solar path is 

over the southern hemisphere (summer months in the 

southern hemisphere). These results are not in line with 

expected results based on the city’s location (2,9º South). 

Due to geographic location, the highest solar energy 

production in the city in months June to August, in normal 

conditions, should occur when the plates are oriented 

towards the North. The opposing results are the 
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consequence of high cloudiness in the region in the referred 

months. In addition, as expected, the ETC has a higher solar 

fraction compared to the FPC. 

 

There is no significant variation in the solar fraction when 

the collector is arranged at an inclination of 14° regardless 

of orientation, as indicated by Méndez and Cuervo [37]. 

This is because the F-Chart model does not have a 

correction factor that includes the azimuth when the 

collector is located with an inclination less than 15° 

towering any location. Moreover, for this geographic 

location and despite the fact that the thermal demand is 

almost constant through the year, it is not recommended to 

use the optimal inclination of the collector (equal to the 

latitude), because it does not adjust to the typical local roof 

arrangements. The ST products also need some inclination 

for the internal thermosiphoning effect of the refrigerant, 

and also because the roofs’ slopes favour natural rain 

cleaning. Also, it is confirmed that in the equatorial zone, if 

the tilt angle decreases, the harnessed energy that is 

converted into heat increases and, therefore, higher water 

temperatures are achieved [12]. This may be due to the 

incidence area of solar radiation increase therefore captured 

energy increase.  

The model also shows that the solar fraction increases if 

the collector area does, the number of collectors, and also 

when the requirement of water temperature decreases [12]. 

However, the number of the collectors could be increased 

if the required water temperature increases, this to 

compensate the missing solar fraction. 

Although this model was calibrated for a required water 

temperature of 45°C but it can be used for other 

conditions, as long as it does not exceed 60°C, which is 

the limit to avoid the risk for hot water users in a 

conventional residential requirements. In addition, it 

shouldn't be calibrated either with a temperature less than 

40°C due to human comfort conditions. 

 

In climate locations such as Turkey (Latitude between 36 

° and 42 ° N) and Chile (Latitude between 35 ° and 71 ° 

S), where the contributed solar fraction in months of 

higher irradiation levels (summer and spring) for ETC and 

FPC technologies reach a solar typical residential fraction 

up to 70% and 55% (Turkey), and 66% and 37% (Chile) 

[41], [42]. But in winter, for both technologies the supply 

proportion reaches a 35% solar fraction for ETC and 23% 

for FPC. In contrast, in the Andean equatorial zone with 

quasi-stationary climates, the solar fraction is close to 47% 

Fig. 1.  Solar thermal fraction in the city of Cuenca – Ecuador according to ETC with typical roofs slopes 

Fig. 1.  Solar thermal fraction in the city of Cuenca – Ecuador according to FPC with typical roofs slopes 
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and 40% for the ETC and FPC respectively. Therefore, it is 

not as high as expected as consequence of the cloudiness 

effect. 

 

The number of required collectors will decrease between 

22,22% and 38.58% if ETC technology replacing FPCs. It 

is important to mention that the model allows predicting the 

solar fraction that a collector located in a specific place with 

a certain inclination and orientation may cover, which in 

this specific case will be according to the typical roofs of 

the city, considering climatic and geographical conditions. 

This allows the design of SWHS with greater efficiency. 

4.  Conclusion 
 

This work aimed at determining the performance and the 

solar fraction of ST collectors of type FPC and ETC in 

Andean equatorial climates by applying the F-Chart 

method. The results confirm that, as expected, the 

performance of the ETC is superior to FPC, which is 

affected by the local cold air and cloudiness in these 

geographic regions. The work also identified that, for both 

solar collector types, both the yield and the solar fraction 

increase as the collector is closer to the horizontal position. 

The results of F-Chart modelling shows that the orientation 

in which a collector is located is not as important as long as 

the slope is close to horizontal disposition, but taking 

account the thermosiphon effect and cleanliness. However, 

in this geographic location when the inclination is higher 

than mentioned, the largest solar fraction is theoretically 

verified when the collector is oriented towards the south, but 

with a low difference respect to another orientations The 

results of this work provide useful information for future 

evaluations of the use of ST technologies as a viable 

alternative for the production of domestic hot water in 

regions with quasi-stationary climates, such as that in the 

equatorial region. More research and experimentations 

could help to confirm this ST technology performance in 

Andean equatorial climates. 
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