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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

In commercial evacuated tube collector (ETC) with double layers evacuated tube, a solar absorber is coated on the outer surface 
of the inner glass vacuum tube. In order to reduce cost of production and maintenance, our previous research work has been 
successfully initiated to place an aluminum fin inside the ETC to be a solar receiver together with clear double layers evacuated 
tube. Therefore, the objective of this present research is focused on the effect of aluminum (Al) fin thickness coated with solar 
paint on the thermal performance of ETC. Commercial Al fins with three different thicknesses (11, 13, and 24 µm) were 
considered in this study. An available solar paint (Thurmolax 250 selective black solar collector coating) was coated on the Al 
fin solar absorber using an air spray deposition technique with three different coating thicknesses. Spectral reflectance and 
thickness of the coatings were characterized using Ultraviolet-visible-near infrared (UV-Vis-NIR) spectrophotometer at the 
wavelengths 300-2500 nm and a Mini Test 730 equipment respectively. The solar absorptance () was calculated based on the 
relationship of observed reflectivity (R), and the solar spectral irradiance of AM 1.5 in the whole wavelength range of the solar 
spectrum. The collector thermal efficiency () of ETC with different thicknesses of Al fin coated with solar paint as solar 
receiver was evaluated, following a standard ISO 9806-1. As a result, it is found that the  of all the thicknesses of solar paints 
considered was identical (=0.94), indicating that the thickness of solar paint was an insignificant effect on the . The , heat 
removal factor ( FR), and overall heat loss coefficient (UL ) were calculated for different Al fin thicknesses with 1x solar paint 
coating thickness and were found to be increasing with decreased Al fin solar absorber thickness. The results revealed that the FR 
was predominant for the increase in the  with the reduction of Al fin solar absorber thickness. It can be concluded that the 
thinner Al fin (11µm) with single layer solar paint coating is suggested to be used in ETC due to its relatively higher  and FR, 
including light weight and low cost. 
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1. Introduction 

As the need of thermal energy worldwide increases from time to time, improving thermal efficiency of solar 
collector become very crucial and indispensable. Efficiency of a system is improved mainly by increasing the 
efficiency of its components. Solar paint, selective solar absorber, and absorber geometry have great influence on the 
thermal performance of solar absorber. Introduction of polymers and nanofluids in the solar thermal application also 
improves the performance of the collector [1-3]. 

 
Nomenclature 

cp  specific heat at constant pressure, J/kgoC 
FR heat removal factor 
UL overall heat loss coefficient, W/m2oC 
Ti  collector inlet temperature, oC 
To collector outlet temperature, oC 
Ta ambient air temperature, oC 
Gt global solar radiance at the collector plane, W/m2 
co intercept efficiency 
c1 first order coefficient of the collector efficiency, W/m2oC 
c2 second order coefficient of the collector efficiency, W/m2 oC2 
ṁ mass flow rate of water, kg/s 
Aa absorber area, m2 
  thermal collector efficiency 
R  reflectance 
 transmittance 
            solar absorptance 
Is solar spectral irradiance at AM 1.5, W/m2m 
  wavelength, m 

 
Basically, evacuated tube collector (ETC) uses copper heat pipe and heat transfer fin enclosed in double sealed 
evacuated glass. Application of ETC ranges from small scale heating of water for personal consumption to large-
scale production of hot water for industrial use [4]. ETC is preferred to another collector due to its higher thermal 
efficiency and convenience [6], however, the commercial available ETC requires highly developed technique to 
apply the coating, as the coating is in the inner part of the glass tube as shown in Fig. 1a. Once the glass tube is 
broken the whole glass tube with coating should be replaced which increases the maintenance cost. One of the most 
important and critical parts of the collector is the solar absorber. Absorbers with spectrally selective solar coating 
have more efficiency than without [5]. An ideal spectrally selective surface should have a reflectance of zero in the 
solar wavelength range and unity in the thermal infrared (IR). The most common solar absorber type is the absorber-
reflector tandem, which is obtained by combining two surfaces, one surface which is highly absorbing in the solar 
region and another highly reflecting in the infrared. Selective solar coatings can be applied to a surface using a large 
number of techniques such as electroplating, chemical conversion, spray pyrolysis, vacuum deposition, and chemical 
vapor deposition [7].   

                              Fig. 1. (a) Cross section of commercial ETC showing original coating and (b) solar paint coating on Al fin.  
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Solar paint is a combination of pigment, resin, solvent and additives and it has some attractive features such as 
ease of processing, low cost, ease of field maintenance, and commercial availability. As well, it can be applied by 
simple techniques such as roll (coil), dip, spin, spray and brush coating. The method of applying paints on 
aluminum, copper and stainless steel foils strongly influence the final spectral selectivity and better results were 
obtained when the paint was applied by draw bar coater due to more homogeneous distribution of the applied paint 
over the substrate [8].  

Our previous research work has been successfully initiated to place an aluminum fin inside the ETC to be a solar 
receiver together with clear double layers evacuated tube in order to reduce cost of production and maintenance [9]. 
In the present study, therefore, we attempted to study the effect of aluminum (Al) fin thickness coated with solar 
paint on the thermal performance of ETC. A commercially available solar paint was applied on various thickness of 
Al substrate, as shown in Fig 1b, using spray deposition technique. In addition, thickness of solar paint on Al fin was 
also varied and considered to get better solar absorbtance by identifying their optical and non-optical 
characterization.  
 
2. Methodology 
2.1. Preparation of solar paint on Al fin 

The dimension of Al fin was 160 cm long and 5 cm diameter with varied three different thicknesses of 11, 13 and 
24 µm. The surface of Al fin was subjected to a pre-treatment, cleaning with acetone and ethanol for removing any 
fat, grease, dust and rust from the surface. Thurmolax 250 selective black solar collector coating and Dampney 100 
Thinner (Dampney Company, Inc., USA) were mixed to be a solar paint solution with ratio 1:1 (as recommended by 
the manufacturer). The solar paint mixture was sprayed on Al fin by air spray deposition technique (air spray gun) 
under room temperature. Three different thicknesses of solar paint were varied with single (1x), double (2x) and 
triple (3x) layers in order to obtain the suitable thickness of solar paint at highest solar absorptance ().    

 
2.2. Characterization of the samples 

 Ultraviolet-Visible-Near Infrared Spectrophotometer (UV-Vis Near IR, Shimadzu UV-3101PC, Japan) and 
Electro Physic MiniTest (model 730, Germany) equipment were used to measure the reflectance and determination 
of coating thickness of solar paint coating on Al fin, respectively. The solar absorptance () were calculated from 
the observed spectral reflectance on the solar spectral irradiance of AM 1.5 in the whole wavelength of solar 
spectrum 300-2500 nm, as expressed in Eq. (1) [10].  
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2.3. The thermal performance testing of ETC  

The Al fin with solar paint coating and copper heat pipe were assembled inside of the evacuated tube. Then, 15 
evacuated tubes were mounted on a header of ETC with 1.08 m2 of solar absorber area. The specification of a 
prototype ETC in this study is mentioned in table 1. The thermal performance of ETC for each Al fin absorber 
thicknesses was determined based on outdoor testing condition followed the ISO 9806-1 standards with an open-
loop testing system, under the steady-state condition, global solar radiation (Gt) > 800W/m2 and 0.02 kg/sm2 of 
water mass flow rate [11]. The thermal performance testing system was installed at School of Renewable Energy 
Technology, Naresuan University (16.47°N latitude and 100.16°E longitude), Phitsanulok, Thailand. The 
experiment set up and its equivalent schematic diagram are shown in Fig. 2. The ETC was fixed on the solar 
tracking motor assembly for the automatic tracking system. Ti and To of water measured by RTD type of sensors, 
and were recorded using an Agilent type data recorder (model Agilent/HP 34970A) every 30 seconds, and Gt were 
measured by Pyranometer. Ta was measured by RTD sensor (PT-100-resistance temperature device) on 
meteorological station at the School of Renewable Energy Technology, Naresuan university, Phitsanulok, Thailand, 
including wind speed measured by a vane and cup-type anemometer. All the parameters are collected in the 
specified range as mentioned in the standard. The thermal collector efficiency was determined using Eq. (2). 
Sequentially, thermal performance curve of ETC using different thicknesses of Al fin coated with a solar paint was 
performed with a convenient mathematical tool of a least-square fit based on a quadratic model (second degree of 
polynomial regression) established with 50 data points [13].  
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