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Abstract

:

In this study, a TraNsient SYStems (TRNSYS) simulation model for solar thermal systems is developed to assess the potential of solar energy utilization in cold climate zones, such as Ulaanbaatar (Mongolia), which is one of the five cities with the worst air quality in the world. Since air pollution contaminates solar collectors and decreases their efficiency, this model accounts for dust deposition behavior so that the best cleaning time for the collectors can be estimated. The simulation results show that the best cleaning time falls between the middle of January and the beginning of February. In addition, a collector cleaned once during the heating period is estimated to produce 12% more energy compared with a collector that has not been cleaned.
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1. Introduction


The use of raw coal is popular in harsh cold zones throughout the world, especially in cold cities with a large number of detached houses. Thus, such cities face air pollution problems. One of these cities is Ulaanbaatar (Mongolia), which is reported to be one of the top fivecities with the worst air quality, and one of the coldest capital cities in the world [1].



Several cities have managed to solve this problem by directly eliminating the use of raw coal by replacing coal-stoves with zero-emission equipment via legal process or decreasing the use of raw coal in stages with the assistance of incentive programs and tax-free systems for the application of eco-friendly technologies. In Ulaanbaatar, the electric heater is considered the most economically and technically feasible solution that can be implemented. However, this solution has the following disadvantages: 1. electric heaters added to thousands of houses will increase the peak power transfer load by a significant amount during the cold period, which is currently one of the biggest problems in Mongolia [2]; 2. the annual current expenses associated with the use of electric heaters are relatively high for people who live in a detached house compared with those associated with the use of a coal-stove; and 3. power plants in Mongolia use coal to produce electricity, which implies that the application of electric heaters will not contribute to decreasing CO2 emissions, even if it decreases the air pollution in the city.



The authors of the current study present the thermal output and performance results for an evacuated tube solar thermal system combined with a coalstove and an electric heater (immersed in a tank), which is called a“triple system”. A comparison of the CO2 emissions of this triple system with those of a coal-stove and an electric heater alone, based on their emission factors, showed that the triple system can decrease CO2 emissions by 32% and 18% when using acoal-stove and electric heater, respectively [3]. This study was carried out in Ulaanbaatar between 2015 and 2016. The following advantages of the triple system can be emphasized: 1. this system can steadily supply heat for detached houses, regardless of the lack of electric power since the stove recovers from the instability of the solar thermal system and sudden interruptions of electricity, which turn the electric heater off; 2. the annual current expenses of the proposed system are lower than those of electric heaters; and 3. it is more effective at decreasing CO2 emissions (as mentioned above), and can also decrease the city’s air pollution.



However, ensuring the city-wide availability of this system is difficult because the heat production by the solar collector system is affected by dust deposition on the transparent surfaces of the solar collectors. Dust deposition is caused by air pollution generated by the overuse of raw coal. In addition, the reflected irradiance caused by the back side of the system and by roofs, with or without snow cover, can disrupt predictions when using evacuated tube solar collectors.



The TraNsient SYStems (TRNSYS) software platform [4] has been used to model and analyze the performance of solar thermal applications under different operating conditions and scenarios. TRNSYS was developed by the University of Wisconsin and represents one of the most popular advanced dynamic building energy simulation programs, and it is composed of a number of component modules (called “Types” in TRNSYS terminology) that can be selected from the TRNSYS libraries and enhanced by experimental results, manufacturer performance data, or information available in the current scientific literature. TRNSYS has been widely used for the simulation of solar thermal systems, and several studies have reported that TRNSYS was successfully used to simulate domestic or small-case solar applications [5,6,7,8,9,10,11].



In the current study, the potential of solar energy utilization under the climatic conditions in Ulaanbaatar (Mongolia) is investigated by performing the following tasks: long-term measurements to determine the operational performance of the evacuated tube solar thermal system; long-term dust deposition tests to measure the transmittance of the glass tubes exposed for various periods and to identify the dust deposition behavior on the glass tubes; long-term measurements to model the reflected irradiance from the roof of a house whether covered with snow or not; development of a dust deposition model based on the experimental results of dust deposition tests and environmental data (such as PM10 wind, rain, and snow); and assessment of the TRNSYS model for predicting the performance of solar thermal collectors.



The objectives of this paper can be summarized as follows: Developing a TRNSYS model to predict the performance of a solar thermal system in Ulaanbaatar; estimating the degrading effect of dust deposition on the solar thermal recovery; and analyzing an appropriate strategy for cleaning the solar collectors and evaluating the effects so that the potential of solar thermal utilization can be assessed. The authors of the current work expect that the results from this study can be used as a reference in several cities throughout Mongolia, and cities in the cold regions of Central and East Asia, and East Europe, which have the same problem with the use of the coal and air-pollution from combustion [12,13].




2. System and Control Description


A typical detached house with an area of 50 m2 that is situated in the Chingiltei Ger District of Ulaanbaatar (106°54′ E and 47°57′ N) was fitted with the above-mentioned triple system for heating and was equipped with measurement devices and sensors. The solar thermal system has four evacuated tube solar collectors with an aperture area of 11.2 m2 and a conversion factor of 0.73 (according to a catalogue), as well as a 500-L heated storage tank, which includes a 3kW electric heater. The solar collectors are inclined at an angle of 60°, and their surface azimuth is directed at 10° to the west. The coal-stove has a rated capacity of 6 kW. The triple system supplies heat to the four radiators installed inside the house. Figure 1 shows the entire heating system serving the detached house.



A controller of the triple system governs a solar circuit pump, a radiator circuit pump, and the electric heater in the tank based on the operating conditions. The solar circuit pump is directed by a temperature difference function: When the temperature difference between the fluids flowing through the supply and return pipes reaches the switch-on temperature difference, the solar circuit pump is triggered; and when the temperature difference reaches the switch-off temperature difference while pumping the fluid, the pump is automatically stopped. The radiator circuit pump is also directed by another temperature difference function to address the internal temperature. The electric heater in the tank is directed by both time and temperature difference functions: when the temperature of the tank reaches a maximum value, if the time function is still active, then the electric heater is stopped; and when the temperature of the tank reaches the minimum value, the electric heater is triggered regardless of any adjustment of the time function. The stove is operated manually, usually in the morning (approximately 7:00–9:00 a.m.) and in the evening (approximately 6:00–9:00 p.m.) during cold periods.




3. Modeling


TRNSYS software (version 17, Madison, WI, USA) was used to model the house along with the heating system. It is a program for transient system simulations and has been used extensively to simulate solar energy applications. TRNSYS has the advantage that any component from an extensive library of components can be easily used, thereby changing the parameters embedded in the models. In this paper, modeling of the solar thermal collectors of the “triple system” heating system was considered in detail for the purpose of assessing the potential of solar thermal utilization and analyzing the appropriate cleaning strategy. In addition, there is no consideration of operational strategy of the electric heater and coal-stove, because the effect of the operational strategy on the efficiency of collectors is supposed to be less as the electric heater was employed to keep houses inside temperatures between 19 °C and 24 °C with the assistance of the controller of the triple system, and the stove usually operated to increase temperature inside the house during the extra heat loss of the house in the morning and the peak power transfer load in the evening between October 2015 and May 2016.



3.1. Modeling the Solar Thermal System


An evacuated tube solar collector (Type.71), weather data processor (Type.15), output data reader (Type.25), and input data reader (Type.9a) were chosen as main components needed to simulate the solar thermal collectors, and their parameters were defined. Between October 2015 and May 2016, the main parameters measured, such as ambient temperature, global solar irradiance at the angle of 60°, mass flow rate, and collector inlet temperature, were provided to input data readers (Type.9a).



On the other hand, solar thermal output was affected by the reflected irradiance from the back side of the collectors and dust deposition on the glass tubes of the collectors. Thus, their effects were modeled using actual measurement of reflected irradiance and long-term dust deposition tests.




3.2. Model of Reflected Irradiance


The reflected irradiance from the back side of the evacuated tube collectors can significantly affect the efficiency and performance of the evacuated tube solar collectors since the roof of a house is whitish and covered with snow in winter. As the measurement of the back side irradiance was not conducted between 2015 and 2016, the reflected irradiance was modeled using empirical study.



To define the reflection coefficient of the roof that is covered in snow or snow-free, the solar irradiance values at the front and back of the collector were measured with pyranometers (Model-CM3) with a typical accuracy of ±5% between October 2017 and February 2018. Moreover, environmental parameters such as the hourly amount of cloud cover, ambient temperature, and precipitation, which were measured by a weather station close to the exposure site, were gathered, and notes were taken regarding snow cover on the roof during the same measurement period. The weather station measured the cloud amount as ranging from 0 tenths to 10 tenths according to the international meteorological code (FM 12-IX SYNOP) [14]. When the roof was covered in snow and snow-free, the correlations between the ratio of the back irradiation values to the front irradiation values and cloud amounts are shown in Figure 2.



The back-side irradiance was modeled as a linear regression function based on the front solar irradiance, cloud data and snow covering the roof. As a result, Equation (1) was derived; the correlation between the measured and estimated values was 0.98 and the R2 value was 0.96.


    G  e s   =  G m   (  0.087 + 0.043  X 1  + 0.004  X 2   )    



(1)




where     G  e s      is the estimated back-side irradiance,     G m     is the measured front-side irradiance,     X 1     is an independent parameter representing the snow covering, and     X 2     is an independent parameter representing the cloud amount. The parameter X1 is equal to 1 when the roof is covered by the snow and equal to 0 when the roof is snow-free.



The current model of the back-side irradiance was combined into TRNSYS model calculating the collector outlet temperature. The parameters, such as cloud data measured by the weather station between 2015 and 2016, and information about snow covering the roof, which was based on the notes and photos taken during the measurement period from October 2015 to May 2016, were provided to input data readers (Type.9a).




3.3. Model of Daily Change in Transmittance


The dust deposition behavior on glass tubes of an evacuated tube solar collector was investigated by the authors of the current study [15]. The authors conducted long-term dust deposition tests between October 2015 and May 2016; gathered environmental data such as PM10, rain, snow, cloud, wind speed, and direction during that period; and modeled daily change in transmittance of the glass tubes. One set collector, including 30 evacuated glass tubes, was used for the tests and situated next to the solar collector system. Half of the tubes were exposed to actual environmental conditions for various periods, in steps of 28 days, to determine the long-term dust deposition behavior. After the exposure process, the transmittance values of all the exposed glass tubes were measured from the back and front sides using pyranometers with an accuracy < ±5%. The measurement results are shown in Figure 3. Transmittance of the glass tubes decreased until February and then increased up to almost the initial value by May, when the measurements were performed from the front side. When the measurements were performed from the back side, the transmittance of the glass tubes was quite steady. These results indicate that the front side is easily contaminated by airborne dust and cleaned by rain and snow, whereas the back side is neither contaminated nor cleaned easily.



Figure 4 shows the environmental conditions, such as the PM10, rain, and snow measured by the weather station throughout the duration of the tests. The behavior of the PM10 is the same every year, with the highest level of air pollution observed in January and decreasing air pollution observed starting at the end of February [16]. In addition, January and February have the lowest precipitation in general, as shown below [17].



Figure 5 shows the daily average wind speed and the daily fraction of the wind that blew from the south, southeast, and southwest. The fraction is calculated as expressed in Equation (2). The daily average wind speed was high in spring and autumn and low in winter. This phenomenon was similar to the data measured by weather stations for several years.


   W   =    1 T    ∑   t = 1  T   w t    



(2)







After the long-term dust deposition tests between 2015 and 2016, the daily change in transmittance was modeled using the results of long-term dust deposition tests and environmental data, such as wind, rain, snow, and PM10. The model was formulated as an optimization method in which the objective function is to minimize the sum of squared errors between the estimated and measured values. As a result, the authors discussed the model and the results from the model, for example, effects of wind and snow on dust deposition on the glass tubes.



Because the number of exposed glass samples was low (eight glass tube), the optimization provides several results with high R2 values. By adding some constraints on the air pollution factor (A) and rain factor (C) expressing that A cannot have a negative effect on and C cannot have a positive effect on the reduction in transmittance of the glass tubes, the following equations were sorted out. The estimated and measured transmittance values are shown in Figure 6.


τ2,i−1−τ2,i = 2.57x + 662(1−e0.08(S−1.75))w − 0.56z1− 32.9z2 R2 = 0.99



(3)






τ2,i−1 − τ2,i = 1.61x + 119(1 − e0.05(S−1.6))w − 0.48z1− 0.65z2 R2 = 0.98



(4)






τ2,i−1 − τ2,i = 1.67x + 101(1 − e0.007(S−0.2))w − 3.01z1− 2.69z2 R2 = 0.98



(5)




where τ2,i−1 − τ2,i is daily change in transmittance, which was measured to be 0.96; and x, w, s, z1, and z2 represent the daily average PM10, wind direction, wind speed, daily rain, and daily snow measured, respectively.



The model of the daily change in transmittance was combined into the TRNSYS model. The parameters, such as precipitation and airborne dust (PM10), measured by the weather station per day, average wind speed, and fraction of wind direction measured during the measurement period between October 2015 and May 2016, were provided to input data readers (Type.9a).




3.4. TRNSYS Model of Solar Thermal Collectors


After incorporating the models of reflected irradiance and the daily behavior of transmittance into the TRNSYS model, the outlet temperature of the solar collector component in TRNSYS is expressed as:


      T  o u t   =   A  F R  [  G m       (  τ α  )   n     τ 1  − Δ  τ  i n      (   τ  2 , i   − Δ  τ  i n    )  +  G  e s      (  τ α  )   n  −  U L  Δ  T t  −  U  L / T      (  Δ  T t   )   2    ]    m ˙   C p    +  T  i n     



(6)




where A is the aperture area of the collectors,   α   is absorptance of the absorber plate,   τ   is trasmittance of the collector covers including the inner and outer tubes, which is determined by the manufacturer as >0.91,     U L     is the overall thermal loss coefficient of the collector per unit area,     U  L / T      is the thermal loss coefficient dependency,     F R     is the overall collector heat removal efficiency factor,     T  i n      is the measured inlet temperature,     C p     is the specific heat of collector fluid,    m ˙    is the measured flow rate,    Δ  T t     is the difference between the temperatures of the collector inlet and ambient air, and    Δ  τ  i n      is transmittance reduction of the inner tube, which is assumed to approximately equal the difference between     τ 1     and   τ  .





4. Validation of the Solar Collector Model


Validation is an important process for any simulation. The TRNSYS model of the solar thermal system was validated by means of a comparison with the data measured during October and April, during which the collectors were nearly clean and the roof was snow-free. Table 1 lists the sensors used for measuring the heat carrier fluid temperature at inlet (Tin) and outlet (Tout) of solar collectors, the volumetric flow rate of fluid flowing inside the collectors (   m ˙   ), and the global solar irradiance (Gm), highlighting their operating ranges and related uncertainty.



The relative uncertainty associated to the collector measurement efficiency was <6% in October <16% in April. Figure 7 and Figure 8 report the experimental and predicted daily thermal efficiencies during October 2015 and April 2016, respectively, as a function of the day. The differences between the estimated and measured values were generally lower than 11% in terms of daily efficiency during those months.



Since the TRNSYS model was considered to have been validated, the dust deposition model was embedded into the validated model in order to calculate daily efficiencies of the collectors during the rest months between January 2015 and March 2016. Among the dust deposition behaviors plotted by Equations (3)–(5), the behavior plotted by Equation (5) was chosen for the future calculations, because when Equation (5) was employed, the error between the performance calculated by TRNSYS and the actual measured performance was minimal from the available results. The correlations between the estimated and measured daily collector efficiencies during each month are shown in Figure 9.



In terms of energy produced by the collectors, the max difference between the estimated and measured daily total energy was 4.5 MJ/day on 29 November, 5.1 MJ/day on 28 December, 9.2 MJ/day on 10 January, 10.1 MJ/day on 12 February, and 10.2 MJ/day on 26 March. These differences were attributed to the error in measuring the solar irradiance due to the air pollution or snow covering the glass surfaces of pyranometers; particularly, the biggest differences emerged after heavy snow fall.




5. Performance Analysis of Solar Thermal Collectors in Ulaanbaatar


5.1. Assessment of Degradation by Dust Deposition


Figure 10 shows the monthly total thermal outputs of the collectors with daily cleaning (Case-1) and no cleaning (Case-2, which used the daily change in transmittance plotted by Equation (5)). The Case-1 results show that more energy (2.5 GJ) is produced compared with that of Case-2 during the duration of heating from October until May. The biggest difference in monthly performance of 1.2 GJ was observed in February.




5.2. Assessment of Cleaning Strategy


The main issue associated with the operation of dirt-covered collectors is estimating the cleaning period or frequency to optimize the heat recovery. Since Ulaanbaatar is a harsh and cold city, the water cannot be used. In addition, solar collectors are usually installed on inclined roofs, which increases the difficulty of cleaning them. Thus, a strategy considering a single cleaning during the duration of heating between October and May is selected taking into account that frequent cleaning is infeasible in practice.



The estimated daily behavior of transmittance changes depending on the day during which the cleaning is operated. In order to take into account for this change in TRNSYS, component Type.21 was used. Component Type.21 addresses each time step with the corresponding day numbers of the year, so that the time steps with same day numbers can receive the same daily value of transmittance. Then, the following additional restrictions were employed and integrated into Equation (5) to estimate daily changes of transmittance:


    τ  2 ,   i   =    τ 1    i f  {       D n  =  S  s . d          D n  =  C d         τ  2 ,   i   >  τ 1      OR    τ  2 ,   i   =    τ  2 , i − 1   − Δ  τ i    



(7)




where     D n     representsday numbers provided by the Type.21;     S  s . d      is the simulation start day (1 October), which is 273; and     C d     is cleaning day, which is given by manual.



With the assistance of the restrictions above taking into account the cleaning day, the TRNSYS was run several times, changing the cleaning day (    C d    ). Each run of TRNSYS gave a value of cumulative heat collected between October and May so that the values could be compared.




5.3. Results and Discussion


Using the step of 7 days, TRNSYS was run 31 times in total. Thus, 31 different days between October and April were chosen as test days to evaluate the best cleaning day. The results of the cumulative recovered heat values from October to April according to the cleaning date are shown in Figure 11. The highest values of cumulative recovered heat were observed when the cleaning was performed between 13 January and 10 February. This finding can be explained by considering that the air pollution reached the maximum rate during the measurement period on 12 January, and that the total precipitation rate in January and February was 2.8 mm, which represented only 7% of the total precipitation that fell during the measurement periods.



In addition to the cumulative heat, the cumulative transmittance was calculated by changing the cleaning day one by one between October and May to evaluate the best cleaning time. The results are shown in Figure 12. In this case, a higher cumulative transmittance value was observed in the same period as that of the cumulative heat, with the highest value observed on January 18. The transmittance behavior observed when the solar collector tubes were cleaned on January 18 is shown in Figure 13 (the daily change in transmittance was calculated with Equation (5)).



Figure 14 presents a comparison of the cumulative heat values obtained by the collectors in threecases: I. The collectors are cleaned every day during the heating period between October and May; II. The collectors are never cleaned; III. The collectors are cleaned once on 18 January. When the collectors were kept clean (Case-1), 18% more energy was produced with respect to the collectors that were not cleaned. When the collectors were cleaned once (Case-3), 12% more energy was produced with respect to the collectors that were not cleaned.



Economic efficiency of cleaning the collectors once during the duration of heating (Case-3) was 61,389 Tugrug (equal to about 25$ USD) in terms of saved cost from the application of the electric heater compared with the collectors never cleaned (Case-2). In Ulaanbaatar, the cost of electricity is 130 Tugrug/kWh (5.3 cents/kWh) [18].





6. Conclusions


The cumulative heats under different cleaning strategies in which the collector was cleaned once a year on different days were calculated and compared; the best results were obtained between the middle of January and the beginning of February. Therefore, if the system is only cleaned once a year, then cleaning should be performed in the season in which precipitation is lowest and on the days after air pollution reaches its maximum rate and begins to decrease (see Figure 4).



The cumulative transmittance was also calculated to estimate the best cleaning time. The result was the same as that of the cumulative heat calculation, which implies that the dust deposition behavior model can be used to estimate the best cleaning time instead of using the TRNSYS model, which includes dust deposition and reflection models as long as the prediction of the dust deposition behavior is thoroughly considered.



The calculations show that as long as the solar thermal collector is kept clean during the heating period between October and May, 16.3 GJ of energy can be produced by the solar collectors and 2.46 GJ of energy can be recovered by cleaning every day. This amount of energy is equal to burning 237 kg of coal in the stove of the “triple system”. During actual operations between 2015 and 2016, the triple system consumed 1.2 tons of raw coal to heat the house.



We believe that the method of this study, which was developed for evaluating the cleaning strategy of the solar collectors and assessing the potential of solar thermal utilization with the assistance of TRNSYS model including the dust deposition calculation, will help in applications of solar thermal systems in cold and polluted areas.
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Nomenclature




	A
	Aperture area of the collectors [m2]



	    C d    
	Day number at which the collector is cleaned



	    C p    
	Specific heat of collector fluid [kJ/kg-K]



	    D n    
	Day numbers provided by the component Type.21



	    F R    
	Overal collector heat removal efficiency factor



	    G  e s     
	Estimated reflected solar irradiance reaching the collectors from the back [kJ/h-m2]



	    G m    
	Measured solar irradiance reaching the collectors from the front [kJ/h-m2]



	i
	Index of days



	   m ˙   
	Measured flow rate [kg/h]



	S
	Wind speed [m/s]



	    S  s . d     
	Simulation start day in TRNSYS



	t
	Measurement step (=2 min)



	T
	Number of daily measurement steps (=720)



	    T  i n     
	Temperature measured at the collector inlet [°C]



	   Δ  T t    
	Difference between temperatures of the collector inlet and ambient air



	    U L    
	Overall thermal loss coefficient of the collector per unit area [kJ/h-m2-K]



	    U  L / T     
	Thermal loss coefficient dependency [kJ/h-m2-K2]



	W
	Daily fraction of the southern wind direction



	w
	Wind direction [0–360°]



	    X 1    
	Parameter representing snow coverage



	    X 2    
	Parameter representing the presence of clouds [tenths]



	x
	Daily average airborne particles PM10 [µg/m3]



	    z 1    
	Total daily rain [mm]



	    z 2    
	Total daily snow [mm]



	  α  
	Absorptance of the absorber plate of collectors



	    η 0    
	Conversion factor or intercept coefficent of the collectors



	  τ  
	Trasmittance of collector covers (inner and outer glasses)



	    τ 1    
	Transmittance of an outer glass tube without dust



	    τ 2    
	Transmittance of a dirty glass tube



	   Δ τ   
	Transmittance reduction of the collectors due to dust depostion



	   Δ  τ  i n     
	Transmittance reduction of the inner tube with a selective coating



	      (  τ α  )   n    
	Product of the cover transmittance and the absorber absorptance at normal incidence conditions
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Figure 1. Schematic diagram of the triple system. 
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Figure 2. Correlation between ratio of the reflected irradiance to the irradiance on the front inclined plate and cloud amounts. 
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Figure 3. Transmittance of the front and back sides of the exposed glass tubes. 
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Figure 4. Daily average airborne dust (PM10), daily total rain and snow rate. 
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Figure 5. Daily average wind speed and daily fraction of the southern wind. 
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Figure 6. Estimated daily changes in transmittance and measured transmittances. 
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Figure 7. Predicted vs. experimental daily thermal efficiency during October 2015. 
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Figure 8. Predicted vs. experimental daily thermal efficiency during April 2016. 
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Figure 9. Correlation between the estimated and measured daily collector efficiency. 
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Figure 10. Monthly total thermal outputs of the collectors with daily cleaning and no cleaning. 
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Figure 11. Cumulative heat while cleaning once during the heating period. 
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Figure 12. Cumulative transmittance with cleaning during the heating duration. 
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Figure 13. Estimated daily behavior of transmittance with cleaning on 18 January. 
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Figure 14. Cumulative heat values. 
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Table 1. Main characteristics of the plant instrumentation.
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Parameter

	
Instrument

	
Operating Range

	
Uncertainty






	
Tin

	
Resistance thermo-meter Pt100

	
−100 ÷ 450 °C

	
±(0.2% of reading + 0.15 °C)




	
Tout




	
   m ˙   

	
Keyence flow meter

	
2 ÷ 60 L/min

	
±0.5% of reading




	
G

	
Pyranometer

	
0 ÷ 2000 W/m2

	
±5.0% of reading
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