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Abstract

:

The design of a solar thermal installation is based on the lowest irradiance levels that occur during winter. However, there are consecutive days with irradiance levels well below those used for the design, which are called in this work “critical irradiance levels”. To solve this challenge, a statistical analysis is carried out to find a representative percentile of 22 years of consecutive days with “critical irradiance levels”. A case study of a cotton-dyeing industrial process requires 18.5 m3 of hot water and operates for 2.75 h at temperatures between 40 and 90 °C. Environmental variables for 22 years were analyzed and validated to design a solar thermal installation (solar collector network and storage system) and a coupled heat pump. The fifth percentile, with three consecutive days and low irradiance levels, was the most repetitive. For this case, a storage system of 46.5 m3 guaranteed heat load at target temperature. The simple payback was 14.1 years, and the energy cost was 0.094 USD/kWh, which was competitive against the energy cost from using fossil fuels, 0.064 USD/kWh. The design based on critical environmental conditions guarantees a continuous supply of energy to the industrial process and defines the minimum availability of solar energy to supply a process.






Keywords:


consecutive days; cotton-dyeing industrial process; critical irradiance levels; heat pump; percentile












1. Introduction


The challenges posed by using solar thermal energy have been solved in the last few years. The associated energy cost to respond to each challenge has been competitive. There are several papers that focus on this topic that let us visualize clearly what has been achieved and what remains to be resolved.



The general objective of solar thermal installations is to achieve a solar fraction of the one with zero emissions. The solar fraction supplied to an industrial process is not only a function of cost; environmental impacts and technical and social aspects must be considered in this evaluation. To determine the viability of solar thermal systems, scientific, technical, and fiscal analysis knowledge is required [1].



Solar thermal installations, depending on the design, include a network of solar collectors, the heat storage system (diurnal or seasonal), auxiliary heat sources (such as biomass and fossil fuel boilers, heat pumps, etc.), pumping system, piping, and a control system. In general, the design objective of these plants is the minimization of investment, operation, and maintenance costs. Initially, large-scale solar thermal systems require high capital investments, but operation and maintenance costs can be reduced by up to 5% [2].



In 2018, a levelized cost of heat (LCOH) of 39 USD/MWh was reported for solar thermal systems greater than 7 MW (10,000 m2), with daytime heat storage; for systems greater than 35 MW (50,000 m2) with seasonal heat storage (which is an important cost to consider), the levelized cost of thermal energy is 53 USD/MWh [3].



Karki et al. (2019) [4] developed a simple tool to evaluate the viability of flat-plate solar thermal systems for small and medium-sized industries in the U.S.A. They analyzed various designs and climate scenarios and found that the relationship of savings-to-investment was strongly sensitive to the gas price, and that the installation costs were greater than the benefits obtained for medium and large systems. This phenomenon was directly related to the policies implemented in the country to change the conventional energy system to a system with renewable energy. In contrast, industrial applications of low-temperature solar thermal collectors have increased due to their low cost, low impact on global warming, reliability, and long lifespan [5,6], largely thanks to the policies adopted to encourage the use of solar energy. The most used technologies for the conversion of low-temperature solar thermal energy are the flat plate solar collector (FPSC) and the evacuated tube solar collector (ETSC) [7,8]. In Europe, 70% of large-scale solar thermal systems use flat-plate solar collectors [9].



Using solar thermal energy, due to its intermittent supply, is a priority to guarantee the delivery of the heat load at temperature level through thermal energy storage systems. For a solar thermal installation, the storage system grows linearly depending on the consecutive days with irradiance levels below the average, increasing the cost of the storage system and the cost of the solar thermal installation in equal proportion, making the construction of the installation not viable.



Several studies have demonstrated novel and effective design solutions to improve the thermal performance of FPCS by proposing the use of new working fluids, use of new materials, new geometric configurations and optimization of operating conditions. In experimental studies, an increment in thermal efficiency of up to 64.1% of FPSC systems was obtained using carbon nanotubes in ethylene glycol [10]. The use of silicon carbide nanofluid in distilled water (SiC/DW) was experimentally evaluated, and it turned out that the thermal efficiency of the FPSC increased by 77.43%, and the exergetic efficiency increased by 35.33% [11]. Experimentally, it was possible to increase the thermal and exergetic efficiency of the FPSC by 55% and 8% by adding transparent insulating materials (TIM) of plastic and airgel–silica in the cover, respectively [12]. Wang et al. (2022) [13] reported the efficiency of large flat-plate solar collectors improved by up to 4.07%. The increase in collector efficiency reduces the number of devices and, thus, the size of the collector network. In technologies like mini-channel solar collectors, the efficiencies are higher by 14.22% compared to those of conventional collectors [14]. A study conducted by Bahrami et al. (2022) [15] showed in detail the performance of FPSC to which different solar trackers, two-axis and single-axis, were integrated. The considered locations were in the latitude range from 20 to 70 °N (northern hemisphere). The results showed that the useful solar heat gain of the collector with double-axis movement compared to the fixed collector in optimal position varied between 15.74% and 71.33%, depending on the location. The fixed system is still the most viable option compared to the collector with tracking. Other proposals include the use of evacuated flat plate solar collectors (EFPSC or EFPC), where the best advantages of both technologies are combined. The average temperatures reached ~200 °C with high efficiency and without the need for monitoring [16]. Based on the previous results, by increasing the efficiency and, thus, the outlet temperature of the FPSC, the applications of low-temperature solar thermal systems in the industrial sector have expanded.



Large-scale solar collector fields have been installed in the world during the last decade (11 SHIP plants (>5000 m2), 19 solar district heating systems (>20,000 m2), and 18 solar thermal systems for growing vegetables and flowers (>50 m2) [17]). In 2021, 44 new large-scale solar heating systems (>350 kWth, >500 m2) with a capacity of 142 MWth were built. The three largest solar thermal systems installed for district water heating are in Præstø, Denmark, with a capacity of 5.6 MWth; in Nahwärme, Friesach (Austria), and the system in Mühlhausen, Germany; the latter two have a capacity of 4.0 MWth [17]. The Pampa Elvira Solar thermal installation (Chile) is one of the largest in the world; it annually supplies 54,000 MWh of heat for the copper electrowinning process; it has 2928 solar collectors that cover an absorber area of 44,000 m2, occupying 90,000 m2 of land, thus replacing 80% of diesel, which is equivalent to emitting 15,000 tons of CO2 into the atmosphere [18]. Currently, the largest solar thermal plant in the world producing district hot water in Silkeborg, Denmark, has 12,436 collectors installed on 156,694 m2. It reports an annual production of 80,000 MWh, which is equivalent to reducing CO2 emissions by 15,700 tons [19]. Martínez Rodríguez et al., 2023 [20], proposed coupling a heat pump to a solar thermal facility to solve the challenge associated with large areas of solar thermal installations. These define the cost of energy and the impact on the land and society by modifying the ecosystem. In this research, area reductions of up to 70% were achieved.



Available solar radiation is one of the main factors affecting the performance of a large-scale solar thermal plant. For non-concentrating systems, such as FPSC, that maintain a fixed inclination and azimuth, the achievable daily throughput is typically approximated as a linear function of the total irradiance received at the collector plane [21]. The annual irradiance at an optimally tilted, and aligned slope is a good indicator of the performance achievable for untracked solar collectors [22].



The study of solar resources and meteorological conditions is vital to selecting the most convenient solar technology and evaluating the technical–economic scope. In general, the energy efficiency study simulates different operating conditions [23], a wide variety of climatic regions [24], different seasons of the year [25], and even complex topographic conditions, such as the Italian Alps [26]. In Chile, the solar resource varies significantly with geographical location. The zones with the lowest daily global irradiation are in the south, with around 1095 kWh/m2/year. The surfaces with the highest incidence (2556 kWh/m2/year) show maximum Direct Normal Irradiation levels (DNI) of 3652 kWh/m2/year. Mexico is geographically located between latitudes of 15–35 °N and receives an annual irradiation of 2007.5 kWh/m2 and a daily irradiation of 5.5 kWh/m2 [27]. Denmark belongs to the Nordic zone, where global horizontal irradiation is between 1000 and 1150 kWh/m2 per year, and DNI levels are around 800–1100 kWh/m2. The average ambient temperature in January and February is right at the freezing point; in summer, the temperatures are between 13 and 17 °C.



Considering a geographic location and a specific technology, irradiance levels impact the outlet temperature of the collector network. Irradiance is the most important variable that defines the design of a solar collector network; it must guarantee the target temperature and heat load with the lowest number of collectors and storage volume. During the last decade, the number of extreme meteorological and climatological phenomena has increased, which is why reliable data sources are required to make a forecast and plan the solar resource. The ability to predict the frequency of extreme winter conditions in advance has economic implications. The behavior of irradiance during the seasons of the year has been studied using different approaches to determine clear-sky days, cloudy-sky days, and completely cloudy days. Castillejo-Cuberos et al. [28] mentioned that variational studies of solar resources could be conducted from three types of approaches: statistical; deterministic; and probabilistic. The first has focused mainly on the estimation of averages and standard deviation. The second focuses on the study of phenomena that occur over time, and the probabilistic approach evaluates the possibility that a given condition of solar radiation occurs over time. Authors such as Vignola et al. [29] recommended that the statistical analysis of solar resource data requires a long-term database, that is, with information from at least 10–15 years. The data should not exhibit a normal distribution and should preferably provide information on at least one atypical event that affected solar radiation values. They also proposed the use of probability metrics     q   50    ,     q   95    , and     q   99     based on the frequency distribution of global solar radiation to estimate the periods in which photovoltaic systems generate surplus energy. Sengupta et al. [30] established that in the first stages of solar projects, extensive information on the solar resource must be available and the origin and period of data collection must be detailed (they worked with 50 global and regional databases with solar radiation information and environmental conditions). Using a statistical approach, they established two criteria to select the appropriate information: the variability that responds to the spatio-temporal differences in the solar resources in the world. The second criterion was the error, which is the difference that exists between the information available in the databases and the results measured at meteorological stations.



Yakoubi et al. [31] evaluated 24 models for the prediction of irradiation in Morocco as a function of the clarity index and the cloudiness index. The first is an indirect measure of the available solar resources, and some of them use values of ambient temperature, relative humidity, and wind speed. The data used were from 2000 to 2018 in 14 Moroccan cities. They considered the 25th and 75th percentiles as the lower and upper limits of days with partly cloudy skies. Solar irradiation values in cities with the greatest amount of energy are in the range of 5.4–5.9 kWh/m2/d. Prediction of irradiation had good agreement with the NASA database with a standard deviation of less than 0.1 kWh/m2/d.



By selecting and treating 1,541,760 data generated between 1998 and 2019 of the average values of daily solar radiation at the site, these authors have developed a new approach to designing solar thermal installations called “critical irradiance levels”. From the arithmetic mean of the data was a frequency distribution diagram that directly presented the number of incidents for each value of solar radiation between the 5th and 99th percentiles for a long-range database. The fifth percentile was considered the criterion to establish the value of the critical irradiance levels. A coupled heat-pump–solar thermal installation system is designed based on the critical irradiance levels that occur annually in Guanajuato City (Mexico). With this design, the continuous production of heat and electrical power of a cotton-dyeing process is guaranteed for a whole year. For heat production, the solar fraction is 1, with an installation area of 1120 m2, which is 70% smaller than that occupied by a solar thermal installation.




2. Design of the Coupled System Heat-Pump–Solar Thermal Installation for The Continuous Supply of Solar Thermal Energy


In industrial processes, during the days of operation, the supply load must be guaranteed at the target temperature at which the process operates. Both the heat load and the target temperature are two parameters of each industrial process that must be met for operation. The network of solar collectors has been designed with the lowest irradiance levels, which occur during the winter period; however, during the year, there are days with irradiance levels 34% below the average of the winter period, taken for the design of the solar thermal installation. The irradiance values that occur on these days have been called the critical irradiance levels and occur on consecutive days during the year, which makes the challenge of guaranteeing the target temperature and heat load interesting. With the critical irradiance levels, the network designed with data from the winter period does not reach the target temperature, and therefore, the storage system significantly increases the installation area, the storage volume, and the cost of the solar thermal installation. To determine the days with critical irradiance levels, irradiance data from the National Renewable Energy Laboratory of the USA (NREL USA) were validated with irradiance data from the Solar Energy Laboratory of the University of Guanajuato, in Guanajuato City (Mexico). Once validated, 22 years were analyzed, and percentiles of critical irradiance levels for the 22 years were determined.



2.1. Statistical Analysis of Environmental Conditions


The statistical analysis of the environmental conditions of the city of Guanajuato (21.01 N, 101.26 W, height 2045 m) was carried out using the information available in the NREL database [32]. The extracted information includes data on global solar radiation, ambient temperature, and wind speed, in 30-min intervals for the 22-year period between 1998 and 2019. We processed 1,541,760 data using a program developed in Python language programming and using the library of data analysis Pandas. The developed program delivers the hourly, daily, monthly, and annual averages of the environmental variables in the period determined by the hours of available radiation. In the city of Guanajuato, there is a solar irradiation of 2260 kWh/m2 per year and 6.19 kWh/m2 per day; the average ambient temperature is 21.2 °C.



A percentile is a statistical magnitude that represents the percentage of data that is below a certain value of the analysis variable, therefore allowing for the comparison and classification of the data contained in the sample. The percentiles were used to evaluate and compare the energy of each day of the analyzed period based on the daily solar irradiation. The purpose is to make a classification between the days with typical environmental conditions and those that are considered with critical environmental conditions.



The results obtained from this analysis are presented in Table 1, where the average daily value of each variable is observed for each day of the study period. The days are classified with respect to the percentile in which they are located using the daily solar irradiation as a parameter of analysis.



Percentile analysis has the advantage of directly indicating extreme radiation levels in both high radiation (>    q   75    ) and low radiation (<    q   25    ) conditions. The analysis addresses a new classification of environmental conditions called “critical irradiance levels”. This concept corresponds to periods with extremely low radiation levels, which are of utmost importance for designing solar systems that can guarantee the total supply of energy to industrial processes. To obtain these values of critical environmental conditions, it is necessary to analyze the distribution of days that fall within each of the percentiles considered in this study; this can be easily visualized through the frequency graph shown in Figure 1.



The graph in Figure 1 shows a uniform distribution of days, around 400 days in each percentile, presenting a standard deviation of 7.92 days. This uniformity between the data allows for the percentiles to be used as a parameter to classify the days with critical environmental conditions since their values provide a direct comparison parameter between the sample data.



Analyzing the results of Table 1, it is possible to observe the solar irradiation values in the low radiation percentiles (5th to 20th percentile) for the present case study. There are relatively high values if compared to the levels reported in other leading countries in the solar sector, such as Denmark (2.73–3.15 kWh/m2/day). Due to this high availability of radiation at these levels, the new concept called “critical irradiance levels” was considered for the studied region, corresponding to those solar irradiation values that were below the fifth percentile (<3.76 kWh/m2/day).



Figure 2 represents the algorithm to select the data classified in the percentile of interest, in this case, number five. Critical irradiance level is the point value of solar radiation which is lower than the value of solar irradiation in the 20th, 10th, and 5th percentiles for the total available data. The selection of the percentile as a reference parameter is based on the definition of this parameter, which indicates that for a sample of data ordered from highest to lowest, there is a percentage of data (equal to the percentile value) in which all values are less than the value of this study’s variable in said percentile.



The results of this analysis are shown in Table 2. The irradiation values above the 5th percentile (    q   5    ) present high energy values, so     q   5     was selected as the critical solar radiation condition in such a way that all the days in which the values were less than 3.76 kWh/m2/d were considered critical days for the analysis.



The number of occurrences of consecutive periods of critical days in the period studied was analyzed, finding that the maximum number of consecutive days was 7. However, this value had the occurrence of two occasions in the entire period studied; therefore, it was considered an atypical condition. To select the typical period in which critical conditions occur on consecutive days, Table 3 was constructed. Table 3 shows that for the total number of years studied, the period of consecutive days with the highest number of repetitions is 2 days. However, this value is impractical for the design of storage systems due to its short duration, so the period of critical conditions that must be considered for this purpose is the period of 3 days, with an occurrence of 12 occasions in 12 years other than the 22 analyzed.



Table 4 shows the average weather conditions of the critical conditions that occur during 3 consecutive days in each season of the year.



From the analysis of the climatological conditions of the site of interest, the average conditions of the winter period in the 22 years are:




	
Available period = 11 h;



	
Global radiation = 443 W/m2;



	
Ambient temperature = 17.3 °C;



	
Wind velocity = 2.87 m/s;



	
Daily solar irradiation = 4.87 kWh/m2.








The most favorable conditions of the winter period under clear skies are available for 8030 days of the total data reviewed, and the daily irradiation is 6.19 kWh/m2.




2.2. Design of Collector Networks and Storage System Coupled to A Heat Pump


In this proposal, the solar thermal system and the heat pump are integrated to achieve the energy objectives even in the most critical weather conditions. Different operating scenarios are analyzed, and the performance of these low-carbon systems is evaluated. Figure 3 represents a general scheme of the proposed system to produce process heat or heat service (a) and to produce electric power (b).



2.2.1. Solar Thermal Installation Design


The design of the flat plate solar collector network is based on the methodology proposed by Martínez-Rodríguez et al. (2019) [33], where the size and arrangement of the network must meet the heat load and the temperature level required by the process. The flat plate solar collector used for the network design was selected from those commonly sold flat plates with standard characteristics and dimensions. For the thermal storage system, a tank with thermal insulation that is marketed for these applications is considered.




2.2.2. Heat Pump


In critical conditions, the solar thermal installation does not reach the energy objectives required by the process. With a heat pump coupled to the solar thermal system, the energy supply is guaranteed throughout the year. Heat pumps operate according to a thermodynamic principle known as the Carnot cycle and use the specific properties of refrigerants driven by electric compressors. By raising heat from the source to the point of use, the pressure of the refrigerant through the compressor increases. In this way, low-temperature heat is recovered and delivered to industrial processes [34,35].



In a heat pump, the electrical energy consumed by the compressor is converted into heat that is transmitted to the refrigerant during the compression process. Consequently, the heat transferred to the sink (the process),       Q  ˙    C   H P    , is equal to the heat extracted from the source,       Q  ˙    E   H P    , plus the heat associated with the work of compression,       W  ˙    H P    , established in Equation (1).


      Q  ˙    C   H P   =     Q  ˙    E   H P   +     W  ˙    H P     ,  



(1)




where       Q  ˙    C   H P     is heat transferred to the sink (the process), kW;       Q  ˙    E   H P     is the heat provided by the low-temperature solar thermal installation, kW.



Heat pumps are characterized by the coefficient of performance (COP), defined as the relationship (ratio) between the heat flow given and the work required, given by Equation (2):


  C O P =       Q  ˙    C   H P         W  ˙    H P     ,  



(2)







For the case study analyzed, the performance curve of the heat pump is shown in Figure 4, where ΔTlift is the difference between the condenser and evaporator temperatures.




2.2.3. Organic Rankine Cycle (ORC)


To generate the power required by the process, a low-temperature solar thermal system–heat pump–organic Rankine cycle is proposed and described in Figure 3. To integrate low-temperature solar thermal energy into electric power production, a heat pump is used to guarantee the heat load and temperature level to operate the power cycle in the most critical environmental conditions of the year. The energy storage system of the solar thermal installation provides the heat to operate the heat pump [20].



One of the main parameters to evaluate the performance of an ORC is given by the thermal efficiency,     η   t h   O R C    , described by Equation (3):


    η   t h   O R C   =       W  ˙    n e t   O R C         Q  ˙    E   O R C     ,  



(3)




where       W  ˙    n e t   O R C     is the net electric power produced by the ORC, kW, and is calculated as the difference between the power produced by the turbine minus the power supplied by the pump;       Q  ˙    E   O R C     is the thermal energy supplied to the ORC through the system evaporator, kW; in this study, it is provided by the heat pump.





2.3. Estimation of GHG Emissions


To estimate the total emissions of greenhouse gases (GHG) thrown into the atmosphere by the burning of natural gas, the Equation (4) is used:


    E   G H G   =  ∑    E F   i   · E   ,  



(4)




where   E   is the energy consumed by the process, kWh;     E F     i     is the pollutant emissions factor or index   i   generated by fossil fuel burning. The EPA reports the following factors for natural gas:     C O   2   = 53.06  ;     C H   4   = 1.0 ×   10   − 3    ; and     N   2   O = 1.0 ×   10   − 4    , kg/MMBTU [36].




2.4. Economic Evaluation


The levelized cost of energy (LCOE) is used as an indicator to evaluate the profitability of energy systems, given by Equation (5). This indicator relates the investment, operation and maintenance costs, and the cost of fuels if there is backup, with respect to the net energy production of the system throughout its useful life (USD/kWh).


  L C O E =   C F R ·   C   I N V   +   C   O & M   +   C   F U E L       E   N E T     ,  



(5)




where   C F R   is the capital recovery factor that represents the relationship between a constant annuity and the present value of receiving that annuity over a given period;     C   I N V     is the investment cost of the system, USD;     C   O & M     are the operation and maintenance costs, USD;     C   F U E L     is the cost for fuel use if the system has a backup, USD; and     E   N E T     is the net energy generated by the system, kWh. The useful life of the plant is 25 years; the interest rate of the project is taken as 8%, and the prices are adjusted for the year 2023. In the analysis, subsidies and incentives are not considered, nor are taxes or special levies considered [37].





3. Case Study: Cotton-Dyeing Process


“Textil La Merced S. A.” is a manufacturing industry where 407.5 kg of cotton is dyed daily [38]. The plant works in production six days a week during the year. The activity takes place for about 10 h a day, starting at 8:00 a.m. and ending at 6:00 p.m. The plant uses a natural gas boiler to heat 18.5 m3 of water at different temperatures; a power consumption of 251 kW is also reported for a period of 3.2 h for the process.



A scheme of the process is shown in Figure 5. The production process operates in batches, and the main subprocesses are as follows: (a) pre-bleaching; in this stage, oxidizing agents and detergents are added to remove dirt from the natural fibers; 2500 L of water at 90 °C is necessary; (b) rinse; the cotton is rinsed in 1553 L of hot water at 80 °C for 10 min to eliminate residues of the oxidizing agent and detergent; (c) neutralization; subsequently an alkaline neutralization is carried out for 10 min to guarantee the purity of the raw material and remove the remnants. For this, 1553 L of hot water at 50 °C is required; (d) dyeing; the selected dye and auxiliary dyeing agents are added; the process is carried out in hot water at 60 °C for 10 min and 1953 L of water is required; (e) washing/rinsing; again, the cotton is cleaned in 1553 L of hot water at 70 °C for 10 min to eliminate traces of dye; (f) soaping; to eliminate impurities, detergent and lubricant are added, and 1553 L of hot water at 80 °C for 20 min is required; (g) rinse; remove the soap residue contained in the cotton by keeping it in 4658 L of hot water at 80 °C for 20 min; (h) neutralization; this process is carried out with the purpose of eliminating the alkalinity of the cotton generated by the soaping process; for this, a neutralizing agent is added to 1553 L of water at 40 °C and the cotton is immersed for 25 min; (i) fixation and softening; this process aims to help fix the dye in the cotton and achieve the texture required for commercial use of cotton, and the process is carried out in 1553 L of water at 40 °C for 25 min; (j) centrifuging; finally, the water content of the product is removed through this process that lasts 25 min. The dyeing process for a batch lasts 2.75 h and requires 18.5 m3 of hot water at temperatures ranging from 40 °C to 90 °C.




4. Results and Discussion


To evaluate the viability of the proposed system, different scenarios were analyzed. Weather conditions were considered critical to guarantee the long-term sustainability of the renewable system. Next, the operating conditions of the proposed system were described in detail. For the heat production and power production required by the cotton-dyeing process, the design of two systems that operate independently was proposed.



For the proposed heat production system, solar collector network–storage system–heat pump, three possible scenarios were analyzed (1, 2, and 3). To provide the hot water for the process, it was considered that the solar thermal installation heats all the hot water to 40 °C; the hot water is stored in an isolated system, and from there, it is taken to supply the heat to the process. The process required 3.1 m3 of hot water at a temperature of 40 °C and 15.4 m3 of water at temperatures between 60 and 90 °C. To achieve the energy objectives, a heat pump was integrated to provide the remaining heat.



4.1. Heat Production


	
Scenario 1. For the critical weather conditions of the winter period, the proposed solar thermal system is considered to store energy at 40 °C. The solar thermal system heats all the water to 40 °C to operate both the heat pump and supply the process. A total of 83% of the 18.5 m3 of hot water in the process was passed to the heat pump to reach 90 °C. In these extreme weather conditions, the solar thermal system cannot reach 60 °C;



	
Scenario 2. Under average weather conditions of the winter period, it is considered that the proposed solar thermal system generates all the hot water at 40 °C. Of the 18.5 m3 of hot water for the process, 17% of the hot water was required at 40 °C, and the remaining 83% was passed to the heat pump to reach 90 °C;



	
Scenario 3. Under average weather conditions of the winter period, it is considered that the solar thermal system generates and stores all the hot water at 60 °C. Of the 18.5 m3 of hot water, 6.6 m3 was required at a temperature less than or equal to 60 °C, and 11.9 m3 was passed to the heat pump to reach 90 °C;



	
Scenario 4. The solar thermal installation is designed without the integration of the heat pump; it is considered that the solar system has the capacity to capture and store the amount of hot water for 3 consecutive days. When weather conditions are critical, hot water will be taken from the thermal storage system.






Figure 6 shows a summary of the relationship between absorber area and irradiance levels of the different scenarios.



Table 5 contains the results of the scenarios described above. The most representative parameters of the proposed system are shown.



Based on the results, the use of the proposed system (scenario 1) to produce solar heat from the process is viable, and greenhouse gas emissions are also eliminated. The levelized cost of thermal energy (LCOH) in the most critical conditions of the winter period was estimated at 0.094 USD/kWh, with an absorber area of 880 m2. Compared to the design under average winter conditions, the required absorber area is reduced by 75% and 40% for temperatures between 40 °C and 60 °C. A competitive energy cost in scenario 1 occurs when the system operates in critical conditions, and the energy objectives are achieved even in the most adverse conditions. The solar thermal installation without the integration of the heat pump (scenario 4) has the capacity to supply the energy services of the process at the lowest cost (0.044 USD/kWh) for a period of 3 consecutive days. In scenario 4, the thermal collector network and storage have greater capacity compared to the most critical scenario; the area increases 2.2 times, and the storage grows 20%.



Figure 7 exemplifies the behavior of LCOH (also represented as LCOEth) with respect to simple payback.



Figure 8 summarizes the relationship between the absorber area and COP of the heat pump in different scenarios.




4.2. Electric Power Production


In this work, the design of a solar thermal system–heat-pump–ORC is proposed to produce the electrical power of the process: 803.2 kWh per day to ensure the operation of the system during the winter period in critical and normal conditions. The solar thermal installation provides temperatures between 40 °C and 60 °C, and with the use of the heat pump, high temperatures around 100 °C are reached, which supplies the ORC.



Table 6 shows the results obtained from the system design: low temperature solar thermal–heat-pump–ORC. The evaluation was carried out considering that the solar thermal installation reaches a temperature of 40 °C operating in the most critical winter weather conditions (scenario 5) and a temperature of 60 °C in the average weather conditions of the winter period (scenario 6).



The proposed solar thermal–heat-pump–ORC system produces the electrical power required by the process during the winter period in the two reviewed scenarios, in addition to eliminating emissions into the atmosphere. In critical conditions of the winter period (2.65 kWh/m2/d), the area required for the proposed system to operate is 35 hectares; this is three times more than when the system operates in more favorable conditions (4.87 kWh/m2/d). The levelized cost of electric energy (LCOEele) in critical weather conditions is competitive compared to reported data (global average energy cost 0.153 USD per kWh in June 2023).



The refrigerant used in the design of the heat pump is R123 and is reported to have the following characteristics: critical temperature = 183.79 °C; critical pressure = 36.74 (×105) Pa; ODP = 93; and GWP = 0.02. The refrigerant used in the analysis of the organic Rankine cycle is R-600 and has the following properties: critical temperature = 151.85 °C; critical pressure = 33.1 (×105) Pa; ODP = 0; and GWP = 4.





5. Discussion


The analysis of data from 22 years of environmental conditions allowed us to quantify the available solar resources of a site and the number of atypical meteorological events where irradiation conditions were low. The use of percentiles for analysis of irradiation data allowed for the establishment of a classification of days with critical irradiance levels in Guanajuato city (<3.76 kWh/m2/d). Using the fifth percentile as a selection criterion allowed us to establish the periods of consecutive days with critical environmental conditions, finding that the maximum period was 7 consecutive days.



All scenarios managed to reduce emissions to zero by replacing the use of the boiler to produce the necessary process heat with a competitive energy cost.



In scenario 1, the proposed system satisfied the energy needs of the process by operating in the most critical environmental conditions of the year. The use of the heat pump guaranteed that the temperature for the process and the size of the installation were reached. The solar thermal network of collectors and storage systems provided the energy to operate the pump and the process at a lower temperature. This scenario was the only one that was sustainable in the long term, ensuring its operation for atypical events or days with extreme environmental conditions. For example, in 2012 and 2013, 7 consecutive days occurred, once every year.



In scenarios 2 and 3, the proposed system operates in clear-sky winter conditions, 4.78 kWh/m2/d and 17.3 °C; the solar thermal installation provides the heat load at temperatures of 40 and 60 °C. With a coupled heat pump, the temperature required by the process is reached. The size of the solar collector network to increase the temperature by 20 °C grew by 9.8%, with a reduction in the cost of energy (LCOH) of 0.018 USD/kWh.



Scenario 4 was also analyzed under clear-sky conditions; however, solar thermal energy was used without the use of a heat pump, and to ensure the operation of this system, the system was designed to operate for 3 consecutive days under clear-sky conditions. The solar collector network’s size is the largest, with an absorber area of 3640 m2. In this scenario, the energy cost and the payback are the lowest evaluated, but if critical conditions occur for more than 3 consecutive days, the system does not guarantee the supply for the process. Compared to scenario 1, the absorber area is 3.3 times larger, and the storage size increases by 20%.




6. Conclusions


In critical conditions, all the energy can be supplied to produce heat and electrical power for a cotton-dyeing process.



The design of solar thermal installation coupled to a heat pump, based on critical irradiance levels, can supply the energy required by the process throughout the year of operation.



The new design proposal guarantees continuous supply regardless of whether consecutive days with low irradiance increase or these events repeat.



The solar device installation area was reduced by 30%, and storage was reduced by 20%.



The new proposal guarantees the continuous supply of energy on operating days, even when the simple payback increases from 4.2 years to 14 years.
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Figure 1. Frequency graph of environmental conditions in the selected percentiles. 
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Figure 2. Data analysis algorithm for 5th percentile. 
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Figure 3. Solar thermal system–thermal storage system–heat pump to produce: (a) process heat or (b) electric power through an organic Rankine cycle. In part (a), the flow direction of hot stream on the load side of the heat pump represents that the storage system supplies low-temperature heat to both the heat-pump evaporator and the process independently. 
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Figure 4. Heat pump performance for different ΔTlift. 
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Figure 5. Simplified diagram of the cotton-dyeing process. 
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Figure 6. Behavior of the absorber area for two irradiance levels (critical and winter average). 
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Figure 7. Decreasing behavior of LCOH (also represented as LCOEth) and a simple payback of the proposed system for the 4 scenarios. 
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Figure 8. Relationship of the absorber area and performance of the heat pump for different scenarios. 
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Table 1. Results of data analysis of environmental conditions.
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	Percentile
	Daily Solar

Irradiation

(kWh/m2)
	Period of Sunlight

(h)
	Average Global Solar Radiation

(W/m2)
	Average Ambient Temperature (°C)
	Average Wind Velocity

(m/s)





	     q   5     
	3.76
	11.37
	264
	17.0
	3.40



	     q   10     
	4.36
	11.53
	357
	18.7
	2.92



	     q   15     
	4.77
	11.49
	401
	19.1
	2.84



	     q   20     
	5.04
	11.34
	436
	19.3
	2.77



	     q   25     
	5.25
	11.27
	460
	19.2
	2.78



	     q   30     
	5.42
	11.21
	479
	19.0
	2.72



	     q   35     
	5.59
	11.15
	496
	18.9
	3.02



	     q   40     
	5.77
	11.43
	500
	19.7
	2.87



	     q   45     
	5.97
	11.52
	514
	20.2
	2.88



	     q   50     
	6.20
	11.78
	519
	20.6
	3.02



	     q   55     
	6.44
	12.01
	528
	21.0
	3.10



	     q   60     
	6.66
	12.06
	545
	21.7
	2.87



	     q   65     
	6.86
	12.09
	561
	22.0
	3.09



	     q   70     
	7.08
	12.22
	572
	22.7
	3.04



	     q   75     
	7.32
	12.26
	589
	22.7
	3.18



	     q   80     
	7.57
	12.38
	603
	23.3
	3.23



	     q   85     
	7.83
	12.45
	621
	23.7
	3.30



	     q   90     
	8.07
	12.54
	635
	24.3
	3.40



	     q   95     
	8.35
	12.63
	652
	24.7
	3.48



	     q   99     
	8.65
	12.93
	659
	25.2
	3.84










 





Table 2. Analysis of percentiles of the total data processed for solar irradiation.
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	Percentile
	20
	15
	10
	5





	Solar

Irradiation (kWh/m2/d)
	5.04
	4.77
	4.36
	3.76










 





Table 3. List of consecutive days under critical solar irradiation conditions corresponding to     q   5    (I < 3.76 kWh/m2).
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	Year/Consecutive Days (Period)
	7
	6
	5
	4
	3
	2





	1998
	0
	0
	0
	0
	0
	2



	1999
	0
	0
	0
	1
	1
	2



	2000
	0
	0
	0
	1
	1
	1



	2001
	0
	0
	0
	0
	0
	0



	2002
	0
	0
	0
	0
	0
	5



	2003
	0
	0
	0
	0
	0
	5



	2004
	0
	0
	0
	0
	2
	7



	2005
	0
	0
	0
	0
	0
	2



	2006
	0
	0
	0
	1
	1
	2



	2007
	0
	0
	0
	1
	3
	4



	2008
	0
	0
	0
	0
	2
	3



	2009
	0
	0
	0
	0
	0
	4



	2010
	0
	0
	0
	2
	2
	6



	2011
	0
	0
	0
	0
	1
	3



	2012
	1
	0
	0
	1
	1
	7



	2013
	1
	0
	0
	1
	3
	4



	2014
	0
	0
	0
	0
	0
	4



	2015
	0
	0
	0
	0
	0
	5



	2016
	0
	0
	0
	1
	1
	1



	2017
	0
	0
	0
	0
	0
	0



	2018
	0
	0
	0
	0
	3
	9



	2019
	0
	0
	0
	0
	0
	4



	Total (period)
	2
	0
	0
	7
	12
	59



	Total (years)
	2
	0
	0
	8
	12
	20










 





Table 4. Average weather conditions for the critical conditions corresponding to the 5th percentile.
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	Annual

Season
	Hours (h)
	Global

Radiation (W/m2)
	Ambient Temperature (°C)
	Wind

Velocity (m/s)
	Solar

Irradiation (kWh/m2/d)





	Spring/Summer
	12.90
	267
	19.4
	3.37
	3.44



	Autumn/Winter
	10.67
	250
	14.6
	3.15
	2.65










 





Table 5. Results of the operation of the proposed system.
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	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4





	Weather conditions of the winter period
	Critical
	Average
	Average
	Average



	
	
Solar thermal installation





	
	
	
	



	Storage temperature, °C
	40
	40
	60
	90



	Heat load, kWh
	1444
	1301
	1428
	4742



	Operation time, h
	10.5
	10.5
	10.5
	8.0



	Working fluid
	Water
	Water
	Water
	Water



	Daily irradiation, kWh/m2/d
	2.65
	4.87
	4.87
	4.87



	Inlet temperature of water, °C
	14.6
	17.3
	17.3
	17.3



	Absorber area, m2
	1760
	1120
	816
	3640



	Stored water volume, m3
	46.5
	46.5
	28.5
	55.8



	
	
Heat pump





	
	
	
	



	Refrigerant
	R123
	R123
	R123
	-



	Mass flow, kg/s
	3.20
	3.20
	2.41
	-



	Heat load (evaporator), kW
	375
	375
	330
	-



	Superheated steam temperature, °C
	103
	103
	102
	-



	Energy consumed by the compressor, kW
	131
	131
	79
	-



	ΔTlift, °C
	70
	70
	55
	-



	COP
	3.98
	3.98
	5.18
	-



	LCOEth or LCOH, USD/kWh
	0.094
	0.074
	0.056
	0.044



	Payback, years
	14.1
	12.2
	9.0
	4.2



	GHG Emissions, ton/y
	0
	0
	0
	0







Prices of HHW (Heating Hot Water): 0.063 USD/kWh [38]. ΔTlift is the difference between the condenser and evaporator temperatures.













 





Table 6. System results: low temperature solar thermal network–heat-pump–ORC.
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	Scenario 5
	Scenario 6





	Weather conditions of the winter period
	Critical
	Average



	
	
Solar thermal installation





	
	



	Storage temperature, °C
	40
	60



	Working fluid
	Water
	Water



	Daily irradiation, kWh/m2/d
	2.65
	4.87



	Heat load, kW
	7136
	7968



	Inlet temperature of water, °C
	14.6
	17.3



	Absorber area, m2
	28,720
	7252



	Stored water volume, m3
	229
	165



	
	
Heat pump





	
	



	Refrigerant
	R123
	R123



	Mass flow, kg/s
	19.0
	18.2



	Heat load (evaporator), kW
	2230
	2490



	Superheated steam temperature, °C
	103
	102



	Energy consumed by the compressor, kW
	777
	597



	ΔTlift, °C
	70
	55



	COP
	3.98
	5.18



	
	
Organic Rankine Cycle





	
	



	Electric power, kW
	251
	251



	Operation time, h
	3.2
	3.2



	Refrigerant
	R600
	R600



	Mass flow, kg/s
	7.4
	7.4



	Heat load (evaporator), kW
	3094
	3094



	Superheated steam temperature, °C
	90
	90



	Thermal efficiency ORC, %
	7.76
	7.76



	LCOEele, USD/kWh
	0.278
	0.149



	Payback, years
	24.0
	10.2



	GHG Emissions, ton/y
	0
	0







ΔTlift is the difference between the condenser and evaporator temperatures.
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