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Abstract

:

This paper analyzes the potential of solar thermal systems for being employed for process heating in cotton-based textile industries. The technological capability of a flat plate collector (FPC) to meet the solar industrial process heating (SIPH) requirement in yarn production is assessed. Moreover, the usability of a parabolic trough collector (PTC) in meeting the technological mandates of SIPH in fabric processing units is critically examined. Further, this paper reports the findings of a study on the potential cost advantage of solar process heating over the conventional process heating practices in cotton-based textile industries. The approach involves the selection of the locations of sample textile industries and the employable solar collector technologies, as well as assessment of financial reward, if any. Eight different cotton-based textile industries located in different geographical domains (in India) are selected. The selected textile industries are situated within the textile hubs existing in different states across India. Analysis of technoeconomic benefit derivable in selected textile industries using FPC for hot water generation and PTC for steam generation is presented. In the case of FPC-based SIPH systems, the maximum value of solar fraction is estimated to be 0.30 and the corresponding estimation for the levelized cost of useful thermal energy (LCUTE) delivered comes out as INR 790/GJ to INR 1020/GJ. On the other hand, in case of parabolic-trough-solar-concentrator-based SIPH systems, LCUTE is estimated in the range of INR 1030/GJ to INR 1610/GJ. From a critical analysis of financial viability in consideration of related factors such as payback time and return on investment in SIPH, it appears that the SIPH systems for hot water generation may be a good choice, whereas SIPH systems for steam generation are seen to have longer payback periods and lower returns on investment, and, therefore, it seems that adequate financial support from central and state governments with additional supports from bilateral or multilateral organizations may enable them to become a sustainable technology option.
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1. Introduction


Many industries need to make use thermal energy for industrial process heating. In many cases, the temperature requirement for SIPH lies within 50–300 °C. It has been common to make use of fossil fuel to generate the above temperature; in the process, a lot of greenhouse emission has been taking place. Reduction of CO2 is a matter of global concern, and hence SIPH within a low temperature regime demands the use of alternative energy sources to meet the thermal energy requirement for industrial process heating. Incidentally, industries such as dairy, textile, etc., require a huge amount of water at elevated temperature or in the form of steam. Whether solar thermal systems can be gainfully employed for process heating in such industries is a question to address. Incidentally, the textile industry is water-intensive and requires a huge volume of water for SIPH. Moreover, the studies so far conducted on the use of SIPH in textile industries have not examined the influence of climate and locations on the performance of the useable solar thermal technologies. However, the climatic conditions and annually available global horizontal irradiance/direct normal incidence (GHI/DNI) greatly influences the performance of a solar thermal system. To date, there is no report or comprehensive study that compares the performances of solar thermal systems used for SIPH at various locations and ambient conditions. In a textile industry, both electrical and thermal energy is required. Thermal energy shares a major portion of the energy requirement in a textile industry as there are the requirements of considerable process heating for the purposes of dyeing, bleaching, and various finishing operations in textile production. The overall economic viability of an energy-intensive industrial process depends upon the overall cost of energy needed to be incurred to run the process [1]. In the textile industry, the process heating for various activities is run at low and intermediate temperatures which range within 50–200 °C [2,3,4]. The idea of replacing conventional energy by renewable energy sources is not new; it has emanated since the global oil crisis became dominant in the 1970s [5,6,7,8]. The use of solar energy for various commercial needs and the evolution of potential technology for effectively harnessing the capability of clean solar energy to meet the electrical and thermal energy without furtherance of environmental threat are discussed by earlier workers [9,10,11,12,13,14,15,16]. Mathematical modeling has established that integrating solar energy for process heating in the dairy industry is technically feasible and becomes an attractive proposition if a high-performance vacuum tube collector is used and diffuse radiation is effectively collected [11]. The use of parabolic disc and parabolic trough collectors (PDC and PTC) is reported to be quite effective in meeting the thermal energy demand (0.250 GJ/ton of milk production) and temperature requirement (~180 °C) of Indian dairy industries. While a general analysis is made to assess the potential use of renewable energy in industry process heating [12,13], effectiveness of the parabolic trough collector in meeting the thermal energy requirement of Indian paper industries has also been elaborately studied [14]. Likewise, studies on the assessment of feasibility of utilizing solar energy for process heating purposes in textile industries are also documented in the literature [17,18,19,20,21,22]. Efficacy of the use of solar process heating systems in textile industries have been critically analyzed elsewhere [23,24,25,26,27]. It is shown that the use of solar energy in the cotton-based textile industry can reduce ~2457–7648 thousand tons of greenhouse gas emissions [23] and that the economic advantage of using solar energy by employing parabolic trough collector of area ~550 m2 for process heating in textile industries or vacuum tube or PDC for attaining the temperature of 50–200 °C is also demonstrated elsewhere [24,25,26]. It is reported that employment of a parabolic-trough-concentrator-based solar process heating system (without storage) in a textile industry in Prato (Italy) can annually save 40 to 50% of the natural gas consumption by the industry [25,26]. In these studies, reduction of CO2 emissions with the use of solar process heating has also been estimated. It is estimated that a solar collector area of 97,144 m2 is required to meet the hot water demand of the Indian textile industry [19]. By these, 386 kilotons of oil equivalent of fossil fuels can be replaced annually in the case of Indian textile industries [22,28]. It is proposed that solar collector technologies can be a good option for supply of thermal energy in the textile industry [29,30,31]. The employment of the Scheffler solar concentrator at high altitude regions, viz., Ladakh region of India, has shown that it is possible to melt ice and produce a maximum of 5 L water/day at an affordable cost of ~INR 0.9/liter of water produced [32]. It therefore appears that adoption of solar process heating in Indian textile industries is a lucrative option. Moreover, there is a lot of encouragement from the government in terms of incentivizing such ventures of using solar energy for commercial activities. It is known that continuous consumption of fossil fuel not only degrades its quality but also makes it dear. Accordingly, apart from environmental degradation, the use of fossil fuel for industrial activity is gradually facing a challenge against nonavailability. Taking these into consideration, it is obvious that moderate heating of water in textile processing units with the aid of solar energy can be the alternate strategy.



Taking stock of the available solar thermal systems employable for industrial process heating, one would notice that the simplest solar heating system available for the said purpose is the flat plate collector (FPC), which makes use of a flat plate for collecting the solar radiation incident on its surface. The collected solar energy is converted to heat by default. A fluid is made to pass inside the collector, so that heat transfer can take place between the working fluid (water) and the hot collector. This raises the temperature of the fluid. FPC does not have an optical concentrator and so the heat loss is quite high when compared with the other available concentrating system. The poorer collection efficiency cannot the raise the temperature of the fluid to any high value and, in general, the operating temperature of FPC lies within 70 °C and 95 °C. For industrial process heating applications, thus, the employment of FPCs for solar industrial process heating (SIPH) is recommendable until the temperature requirement exceeds ~80–95 °C. The choice of this technology for low-temperature applications is merited by the ease of its manufacturing, low cost, least maintenance, and being permanently fixed without any need for tracking. On the other hand, the parabolic trough collector (PTC) is known to be an established technology for SIPH. The PTC is able to concentrate solar radiation with the aid of a set of mirrors. A receiver tube through which passes the working fluid is placed at the focus. The focused radiation produces a good amount of heat that raises the temperature of working fluid to a considerably high value. The aperture width of PTCs, for employment in industrial process heating applications, is normally kept within the range of 1–2 mm. With the help of this, the temperature of water is generally raised to within 80 °C and 180 °C; however, if the PTC is chosen for power plant application, one needs to make use of a much larger collector area such that the desirably high-temperature steam can be produced. Due to concentrating ability, the PTC can generate much higher temperature than what FPC can do with identical solar-energy-collecting surface area. This implies a better thermodynamic efficiency of PTC over FPC. Due to not being able to concentrate the solar radiation, FPC bears a higher area for heat loss and, hence, it suffers from lower thermal efficiency. In contrast, the concentrator, such as PTC, can only focus the direct solar radiation, and so its performance degrades on cloudy days; moreover, PTC must have a sun tracking system by movement of the collector, such that solar radiation may be kept focused throughout the day. This leads to higher maintenance and construction cost [33]. It is therefore envisaged that FPC can be comfortably used for SIPH in textile industries if the temperature requirement is low. Thus, FPC is a suitable technology for yarn production where hot water within the temperature range from 80 °C to 95 °C is required. For fabric processing, the temperature requirement is rather high and it is required to use steam at a temperature lying within the range of 120 °C to 180 °C. Therefore, the use of concentrating technologies (PTC) needs to be invoked for the purpose.



For real-life scenarios, the sustainable use of solar process heating in Indian textile industries does not appear plausible unless the practice is proven to be financially rewarding to the concerned industries. It is for this reason that a cost–benefit analysis for use of solar industrial process heating in Indian textile industries appears to be pragmatically important. While the technological feasibility is accepted, its prudence in application in actual industrial scenarios needs be established in an Indian context. Hence, an attempt is made to assess technoeconomic attractiveness of solar industry process heating (SIPH) in the cotton-based textile industry of India.




2. Methodology


With the aim to examine the economics of using solar thermal systems for SIPH in textile industries, the study is conducted with an well-visualized theoretical framework which envisages to provide the answer to the research questions of the current study, viz., (i) Is solar thermal system a feasible technology for SIPH in textile industries? (ii) ipso facto, What must be the technology configuration? (iii) What is the quantum of thermal energy needed for various processes and what is the cost of production of useful thermal energy to be provided by solar systems? Finally, one needs to answer if the option is a lucrative business alternative.



Initiation of the study necessitates the selection of experimental industries. In this act, the scientific mandate is that there should be ample annual availability of solar radiation at the selected industrial locations and that there must be a good scope for comparative performance analysis so as to ensure appreciable variation in the availability of solar energy.



Since the SIPH need for different produces is well identified, the use of FPC is recommended for yarn production, whereas PTC is considered for fabric processing. The very grounds of such proposition is that yarn production needs hot water within a temperature regime of ~80–95 °C, whereas fabric processing needs steam at higher temperatures of 120–180 °C, and that FPC is not able to meet the needs of fabric processing and PTC is cost-prohibitive in yarn production [34]. Based on the productivity, it is possible to calculate the thermal energy requirement for an individual process by principles of calorimetry. The calculated thermal energy need can be used to find out the solar collector area of FPC/PTC with the aid of gathered information about the direct normal irradiance (DNI) and the global horizontal irradiance (GHI). The well-known formula [17,35] is available for calculation of collector areas. The efficiencies of FPC and PTC are taken as 60% and 66%, respectively [36]. However, the design of FPC and PTC is conditioned by the certainty in availability of solar energy as per need and under all unforeseen odds (if any), and a factor of safety is invoked by judiciously fixing the design values of GHI and DNI. These finally ensure the performance analysis of the chosen technology configuration which aims to authenticate that the use of SIPH in textile industries is a technologically feasible option.



Now that the information about thermal energy need is known and the cost of energy producing materials/accessories are available, it is possible to use a standard protocol for financial analysis [15,16,32]. The use of a standard model [27] enables us to calculate the levelized cost of useful thermal energy for yarn production/fabric processing for all the chosen locations of varying abundance in available solar radiation. Taking the least advantageous situation into consideration, a cost comparison with the existing practices can establish the technoeconomic feasibility of SIPH with complete knowledge in its economic advantage. The following sections furnish the details of methodology used in the present investigation.



The methodology followed in the present study is enumerated below:




	(a)

	
Selection of location-based sample industries which are supposedly cotton-based textile industries; this is proposed for simulating the behavior of the proposed systems under various conditions available for operation. As stated before, these include availability of solar radiation, different daytime duration that is the available operating hours, and other climatic conditions.




	(b)

	
Estimation of required thermal energy for various processing in cotton-based textiles production.




	(c)

	
Determination of required solar collector area for process heating demand.




	(d)

	
Fixation of appropriate solar thermal technologies.




	(e)

	
Performance evaluation of the selected technology.




	(f)

	
Assessment of technoeconomic feasibility of the proposed process.









2.1. Study Locations


The total solar radiation incident on a horizontal surface is known as global horizontal irradiance (GHI); the normal component of solar radiation falling on a collector surface is called direct normal incidence (DNI). GHI is obtained from the summation of direct normal incidence, diffuse horizontal incidence, and the ground reflected radiation. The entire component is useable for generation of heat by the flat plate collector, and GHI fixes the design parameter of the flat plate collector.



This study aims to examine the efficacy of a solar thermal system as an economic SIPH in textile industries as function of changing GHI and DNI. To gather a general idea if the use of solar thermal systems is technologically beneficial and is a lucrative option for environment protection by doing away with the exploitation of dwindling fossil fuel resources, it is required to conduct the real-life studies under different conditions of solar radiation availability, ambient temperature, and other climatic conditions, viz., average number of cloudy days, duration of daytime at various seasons (depends upon the latitude and longitude of a place). Even if it is admitted that replacement of fossil fuel by solar energy is technologically feasible for SIPH and sociologically mandatory [37,38] to reduce CO2 emission, vis à vis curtailment in health expenditure of a country [37], what remains to be known is the direct economic denomination accruable by the use of solar technology for process heating in Indian textile industries. Therefore, the selection of locations should be made in such a way that there is enough scope for comparison of cases with widely varying annual availability of solar radiation. Incidentally, in a country such as India, the textile industry hubs are located at different regions across the country. The location of textile industry clusters in India spans from northern to southern India as well as from western to eastern India. The locations appreciably vary in latitude and longitude with different climatic conditions [17]. Moreover, the annually available GHI and DNI vary widely among these locations. This is evident from the data provided in Table 1. We have primarily selected eight such locations which show appreciable variation in the above parameters that significantly affect the performance of solar thermal systems. This constitutes the basis of selection of experimental industries.



To calculate the collector area, one needs to have the knowledge of available solar radiation at the particular location. It is imperative that the use of a solar thermal system for industrial process heating is not feasible unless there is ample availability of solar energy. Moreover, the industrial process heating in many industries requires a low to moderate temperature of 50–250 °C. As stated earlier, the FPC can cater to low temperature needs, and for relative higher temperature needs we need to use PTC. These two systems require different data about the available solar radiation. While DNI is required for PTC (as it cannot use diffuse radiation), the design of FPC requires GHI, as diffuse radiation is useable by FPC. Hence, to study the requirement of a textile industry at a location, one should have the idea of annual, seasonal, and day-wise figures of both DNI and GHI. Based on the suitability in respect of available solar energy, we selected the study locations spanning across the country and with appreciable variation in available radiation so as to gather a better understanding of the useability of solar thermal systems in process heating for the textile industries. This would also affirm the economic viability of the proposed technology in Indian textile industries. However, the concept is generic and is applicable for any region across the globe.



In accordance with the available information from the Meteonorm 8 database, the following locations with existing knowledge of their annual average ambient temperature (Ta) global horizontal irradiance (GHI) and direct normal irradiance (DNI) are selected for the study (Table 1).




2.2. Estimation of the Useful Thermal Energy Requirement


In a cotton-based textile industry, spinning, weaving, and processing consume the major portion of thermal energy. In spinning mills, thermal energy in the form of hot water is required for sizing and dyeing of yarn, whereas in fabric processing units, steam at intermediate temperatures is often required for operations such as de-sizing, scouring, dyeing, bleaching, drying, etc. The temperature of yarn production lies within 85–95 °C; following the preceding discussion, it is recommended that FPC should be used for yarn production.



The average thermal energy requirement may be calculated by the simple calorimetric formula: Heat energy required = mass × specific heat × (final temperature − initial temperature). Based on this, the thermal energy requirement for a specific case is shown in Table 2; following the same procedure, heat requirement in the case of steam production for use in fabric processing can be calculated. It is apparent from Table 2 that for an annual yarn production of amount 4560 tons, the thermal energy requirement comes out to be 2.64 GJ/hour or 5.05 GJ/kg when the water temperature is required to be enhanced from 15.1–95 °C. Similarly, calculation of thermal energy requirement for PTC of working temperature range, 80–180 °C, can show that the thermal energy requirement is 5.08 GJ per hour or 52.625 GJ/kg. Derived from previous reports [23], indicative values of thermal energy needed for various operations in a cotton-based textile industry are furnished in Table 3.




2.3. Selection of Solar Thermal Technologies


It is apparent from the foregoing discussion that the selection of solar technology should be made in accordance with the thermal energy demand of a particular process in textile industries. Moreover, elegant comparative study due to Jamadi et al. has demonstrated that under identical conditions, PTC provides a higher efficiency and better thermal energy quality than FPC [34]. Moreover, a number of studies have credited PTC over all other available concentrating technologies [36,39,40,41,42]. Comparative study on the efficacy of different solar concentrating collectors for application in a trigeneration system has revealed that the performance of parabolic trough collectors is superior to linear Fresnel reflectors and parabolic disc collectors. A throughout-year study in Athens, Greece, indicated that PTC offers a system energy efficiency of around 65% with a simple payback of ~6 years, whereas the disc collector exhibits an efficiency of 62% at a payback of ~11 years [36].



The temperature for cotton yarn production is different from fabric processing units, and hence solar thermal technology to be applied in each case may differ; in view of lower temperature requirement in spinning mills (requiring only hot water at lower temperatures, ~85–95 °C), a flat plate collector appears to be sufficient for yarn production. In contrast, the need for steam/hot water at higher temperature for fabric processing leads to the employment of a parabolic-trough-solar-concentrator-based SIPH system. Thus, the fields of employment of FPC (in yarn production) and PTC (in fabric processing) are made fixed for further study on technoeconomic viability. In this context, it is recalled that a number of concentrating technologies are available for heating of water or production of steam [36,43]. Based on this information, the present study focuses on the use of PTC for SIPH in textile industries. In the case of fabric processing, the inlet temperature is kept at 60 °C, whereas the steam temperature requirement is 180 °C.



In the present investigation, the PTC is made of a glass mirror with solar grade silver film of 0.15 mm thickness; the reflectivity is higher than 93%. The receiver tube placed at the focal region is made of AISI 304 stainless steel of diameter 30 mm with wall thickness 1.5 mm. The solar-grade absorber coating used to absorb the radiation possesses absorptivity of 0.90–0.95. There is a borosilicate glass cover. The cover is a 2 mm thick linear round tube of diameter 50 mm with a transmittivity of 95%.



It is important to estimate the requirement of the solar collector area that enables to achieve the useful thermal energy delivery for running the industry throughout the year. It is known that the area of the solar collector field (Ac) for producing hot water with the aid of a flat plate collector is obtained by the following equation [35].


   A c  =    P h       η c      G H  I d       



(1)




where Ac is the area of solar collector field (ASC), Ph represents the process heat requirement per hour (GJ/h), GHId denotes the design value of GHI, and    η c    is the overall thermal efficiency of solar energy SIPH system at the selected design value of the GHI (written as GHId) or DNI (written as DNId). While GHId needs to be used to determine the collector area for the case of FPC that produces hot water of temperature of 85–95 °C, GHId needs to be replaced by DNId in Equation (1) for the case of solar-concentrator-based steam generation systems, say, PTC. Hence, the required collector area for a PTC can be obtained from the same Equation (1) by writing


   A c  =    P h       η c      D N  I d       











The overall efficiency of FPC,    η c   , as the selected SIPH is taken as 60%, whereas that for a PTC for steam production in fabric processing (working temperature in the present case is 140–180 °C) shall be 66%.



For the design value, SIPH gives rise to its nominal thermal output which should be sufficient to continue production with or without backup support; if the solar radiation incident on the collector is less than the design value, SIPH output will be less than the nominal value, whereas it will be more when the solar radiation incident on the solar collector exceeds the design value. The excess energy so produced at a time may be stored via a well-designed thermal storage system; this enhances the overall enhancement thermal efficiency and hence ensures economic advantage. The thermal energy storage system is essentially a steam accumulator and is integrated in the PTC setup. The stored energy can be used whenever there is a shortfall in required energy. The integration of a storage system in PTC setup is schematically shown in Figure 1. On the basis of a design DNI value (DNId) of 600 W/m2, the collector area of PTC is calculated for all the eight experimental sites. The thermal energy requirement for a PTC is calculated on the basis of temperature range which is taken as 60–180 °C; it is found to be 5.08 GJ/kg. The annual energy delivered and the amount to store (the amount generated in excess of requirement) are calculated and the results with the use of a thermal storage system are furnished in Table 4.



Solar fraction denotes the ratio of energy provided by the SIPH (FPC or PTC) and the total thermal energy required for the entire process. Thus, it depends upon the factors such as overall thermal load, storage sizes, the available solar radiation, that is, GHI or DNI (which vary with difference in climatic conditions at various geographical locations), and operational conditions. Therefore, solar fraction can be expressed as ((energy delivered by solar thermal system – energy stored)/(actual thermal energy required for the entire process)). Hence, a higher value of solar fraction is indicative of the fact that the share of solar energy in meeting the thermal load of the industrial process heating is higher. Table 4 furnishes the solar fraction of all the experimental locations for a specific DNId of 600 W/m2.



It may be mentioned that thermal storage system integration offers the advantage of supplying energy at the time when the availability of solar radiation is lean, such as on cloudy days or when it is not available, e.g., night. The steam accumulator can hold the steam energy under stringent conditions and it is maintained in the TES. The available steam can be gainfully used in the evening for some period of time.



After deriving the solar collector area (Equation (1)), the deliverable thermal energy in the SIPH is calculated on an hourly basis for the entire year; the difference in the observed values of deliverable thermal energy is ascribed to the variation of GHI/DNI in timescale as well as from one place to other. The values of GHI or DNI for each hour of the whole year are obtainable from the use of Meteonorm 8 software. For each of the selected locations, the data are collected. A spreadsheet-based program that internalizes the performance characteristics of the solar collector as well as the hourly values of solar radiation and ambient temperature has been developed and is used for study. This exercise has been repeated for all the selected locations of clusters of cotton-based textile mills in the country.



Figure 2 demonstrates the impact of changing the design value on the performance of SIPH. With increase in GHId value, the solar collector area will decrease in accordance with Equation (1). Based on prefixed thermal energy requirement, the needed solar collector area is found to decrease. However, the actual available solar radiation varies with time, and hence the value of thermal energy delivered is also changed. Quite obviously, the decrease in collector area will lead to diminution in delivered thermal energy. The red points in Figure 1 denote the variation in the delivered thermal energy as a function of collector area. It is known that a lower collector area delivers a lower amount of solar thermal energy. Since the available GHI is location-dependent (Table 1) and collector area is decided by the GHId value and the collector efficiency (~60% for FPC), one may find that there is an appreciable variation in delivered energy with collector area for the solar thermal system without the thermal energy storage (TES) system. It is imperative that such variation is generic, and it is for this reason the curves are of the same qualitative form for all the selected locations.



From the foregoing discussion, it is apparent that depending upon the actual availability of solar radiation on a specific day, the thermal energy deliverable by a designed solar heating system may be higher than the actual requirement. In that case, some extra energy will be created, and a well-designed thermal storage system may be incorporated in the SIPH system. On the contrary, if by chance the actual available radiation falls short of the design value, the deliverable energy may run into deficit; in that case, some kind of backup support will be required. Quite often, an efficient thermal storage system, when inbuilt into the system, provides a solution to the problem. Thermal storage systems in SIPH is a subject of research interest. In the present study, the SIPH envisages the use of a thermal storage system whose effectiveness in performance of solar thermal systems is enumerated elsewhere [44]. However, the design value of the collector area should be so fixed as to have some factor of safety so that the available solar thermal energy is able to run the production even under odd situations. The realization of the importance of a thermal storage system entices to make up a design scheme of PTC, as shown in Figure 1. The present study has taken into consideration such a scheme while contemplating the proposed financial analysis. In contrast, for a low-temperature operation, as in yarn production, we propose the use of FPC for which thermal energy storage is not economically feasible. This is because the latitude in working temperature can be 75–95 °C and, hence, overdesign in GHId is not planned, as otherwise both the size of FPC and that of hot water storage would have to be made rather large and, hence, heat loss area will be significantly enhanced. In our study, we have not considered such provision and have paid our attention to the use of TES in PTC only for fabric processing. However, the feasibility of employment of TES in the case of FPC is not precluded by the above fact that we have not considered its usage. For the case of higher availability of GHI, it is also possible to design FPC of relatively less collector area with sufficient improvement in design. In such case, it may be possible for the thermal energy delivered by the system to exceed the energy requirement for process heating, and hence a TES can be the solution for avoidance of thermal energy loss.



A light diesel oil fired boiler (design code: IBR-1950) was used in the present study. The capacity of the boiler is 5000 kg/hour at a working pressure of 10.54 kg/cm2, the feed water temperature is 85 °C, and the output temperature of the boiler is 180 °C. The thermal efficiency of the LDO boiler is 85%. The activity flow chart for performance analysis of the SIPH system with FPC as well as PTC is furnished in Figure 3, which gives information of the steps followed in the present work, and implication of individual actions was already narrated in the preceding discussion.




2.4. Model for Financial Analysis


As stated earlier, technological feasibility is a necessary but not a sufficient driving force to invoke solar thermal heating system for SIPH in Indian textile industries. Unless the prescribed solar thermal technology is proven to be financially rewarding to the textile industries, advocacy in favor of employment of solar technology to replace the existing ones will turn out to be a futile exercise. This has enticed a number of workers to conduct technoeconomic assessment of solar thermal systems for various kinds of process heating [15,16,32]. However, modeling the technoeconomics of implementing SIPH for yarn production/fabric processing by textile industries is yet to be integrated with decision support systems in the act of technology diversification in Indian textile industries. Following the different strategies adopted so far in technoeconomic analysis of solar thermal systems, a newer approach in financial analysis of SIPH replacing conventional process heating methods is adopted in the current investigation.



The analysis of process economy considers levelized cost of useful thermal energy (LCUTE) (Cl) delivered, and other financial parameters which determine the viability/attractiveness of the technology. LCUTE is estimated by the following formula [45].


   C l  =     ∑   j = 1  n     C j  0           1 + d    j          d     1 + d    n        1 + d    n  − 1      



(2)




where Cl represents LCUTE,    C j  0       denotes the unit cost of useful thermal energy delivered by the SIPH system (UCUTE) in jth year of its operation, d is the discount rate applicable for the investment, and n is the useful life of the system.


   C j 0  =    C a  +  A j c     A j u     



(3)




where    A j u    denotes the annual amount of useful thermal energy delivered by the SIPH system (AUTED in jth year),    C a    stands for capital cost of the system for one year, and    A j c    stands for operation and maintenance (this includes the fuel cost in jth year). Enhancement of operation and maintenance is taken into consideration by introducing a cost escalation constant term. Capital cost of the system for one year (   C a   ) can be derived from the following equation:


   C a  =  C  0         d     1 + d    n        1 + d    n  − 1      



(4)




where C0 is the capital cost of the SIPH system, other notations having usual meaning. In case the energy is supplied by fossil fuel, the levelized cost can be calculated by use of similar equation. n is replaced by ncon and    C j  0       by    U j c   , which will give the levelized cost due to use of fossil-fuel-based process heating.      C   l  c o n           can be obtained by the following equation


   C   l  c o n     =     ∑   j = 1  n     U j c        1 + d    j          d     1 + d      n  c o n         1 +  d   n  c o n       − 1      



(5)







d is the discount rate as applied to investment and ncon is the useful life of the conventional process heating system. Similarly, the unit cost of useful thermal energy from conventional sources may be written as


   U j c  =        C   0 , c o n        C R F     A u   +     U P    f , 1        ( 1 + ξ )    j − 1          C V  f         η f      +    A  c o n  c    A u      



(6)




where the subscript “con” denotes the conventional source counterpart of the terms used in solar thermal energy equations, CVf represents the calorific value of fuel,    η f    is the efficiency of fuel utilization in the conventional process heating system, UPf,1 is the unit price of fuel in the jth year, and  ξ  is the rate of annual escalation in the unit price of fuel. Discounted payback period (DPP) of the incremental investment made on the SIPH system was determined from the time of commencement of the project till the cumulative cash flow just becomes zero (i.e., the present value costs are equal to the present value benefits).


    ∑   j = 1   D P P      B j  −  A j c        1 + d    j    =  C 0   



(7)







Bj is the benefit accrued per annum due to fuel savings insured by SIPH in the jth year;    A j c    has its usual meaning. Equivalent financial benefit against the amount of fuel replaced can be expressed as


   B j  =      A j u        1 + ξ     j − 1     U  P  f , j         C  V f       η f       



(8)







Net present value (NPV) of an investment in the SIPH system can be expressed as


  N P V =     ∑   j = 1  n     B j  −  A j c        1 + d    j      +  S      1 + d    n    −  C  0      



(9)







The annual discount rate that leads net present value of investment zero is known as internal rate of return (IRR). IRR is obtained from the following relationship:


    ∑   j = 1  n       B j  −  A j c        1 + I R R    j      +  S      1 + I R R    n    −  C 0  = 0    



(10)







In the present study, it is assumed that the salvage value of the plant, including its disposal cost after expiry, is negligibly small.





3. Results and Discussion


Using the afore-described model for financial analysis, we attempt to make an initial estimate of useful energy delivered by the SIPH systems in the cotton-based textile industry in India vis à vis its financial attractiveness, if any. The realistic input parameters are decided on the basis of available information [46,47,48,49,50,51,52,53,54] and experience of some of the authors. The selected input parameter values are shown in Table 5. It may be noted that capital costs of FPC do not include any cost of the thermal storage system because we did not use TES in FPC. However, the capital cost of PTC includes the cost of the thermal storage system (TES). We attempted to find out the process heating requirement cost; for simplicity of calculation and, hence, to demonstrate the achievable benefit in using a solar thermal system, we present an indicative financial analysis. Collecting data on the usage of stored energy for process heating, suitable variation in DNId, and the elaborate cost benefit analysis shall constitute a separate paper.



3.1. Cost Analysis for Cotton Yarn Production via FPC


Values of the solar collection area required for flat-plate-collector-based SIPH systems, useful thermal energy delivered, and values of solar fraction of the SIPH systems for hot water generation for the selected locations are estimated. The real-life estimation as presented in the paper is based on the input costs shown in Table 5; the data therein are based on the energy prices and other costs as applicable for 2016, being taken as the reference. The escalated input cost is also taken into consideration. However, suitable modification can be made in cost analysis with the aid of applicable multiplying factor, depending upon the rate of inflation.



The solar fraction decreases with an increase in the design value of insolation. In the present study, solar fraction is seen to attain a value of 0.30 for a GHId value of 600 W/m2 whereas it comes down 0.22 for a GHId of 900 W/m2. This observation is generic and is evident from Equation (1); it is clear that higher magnitude of GHId implies a lower collector area. A lower collector area is apt to deliver a lower amount of thermal energy. By definition of solar fraction, a lower value of delivered energy ought to lower the solar fraction irrespective of the use of TES or not. However, for the same collector area, the actual GHI or DNI will matter a lot. For a specific collector area, the region providing higher insolation on a yearly basis is apt to deliver higher thermal energy. Thus, solar fraction will depend both on GHId/DNId and climatic condition vis à vis the actually available GHI/DNI; while the former influences the collector area, the latter determines the generation capability of thermal energy by the collectors of the same area. It may also be noted that if the design value of GHId is kept on the lower side, the deliverable thermal energy by DPC will exceed the demand value and hence the extra energy can be stored for betterment of process economy. Hence, the provision of storage system ensures higher value of solar fraction for all values of GHId. It is observed that in SIPH systems which are designed to meet the thermal energy demand for process heating application, annual solar fraction is around 0.35; this implies that SIPH systems in the field necessitate the provision of auxiliary backup or an excessively large storage component.




3.2. Parabolic-Trough-Based SIPH System for Steam Generation (for Fabric Processing)


Figure 4 shows deliverable thermal energy by a parabolic concentrator (PTC) for collector areas based on the varying design values of DNI.



From the results of the present experiments with different DNId values (600 kWh/m2–900 kWh/m2), it is found that the estimated values of solar fractions for SIPH systems range from 0.13–0.29 with or without storage system. This is, however, less than what could be achieved for hot water production by FPC. This is due to the higher collection efficiency of flat-plate-collector-based SIPH systems as the required operating temperatures are lower. It may also be noted that the benefit of including a storage component in terms of an increase in the solar fraction is marginal at high values of DNId as the system operates at its nominal capacity for shorter durations and, consequently, the amount of energy likely to be dumped is very small.



To understand the location specificity of the performance of an SIPH system meant to cater to process heating demand in a cotton-based textile cluster, one needs to follow, from Figure 4, that there results a significant variation in the amounts of annual useful energy delivered at different locations within the country. For example, in the case of a PTC-based SIPH with no storage system, the solar fraction for DINd ~600 kWh/m2 can be estimated at 0.26 at Ahmedabad (annual DNI of 1837 kWh/m2), while the corresponding value for Solapur (annual DNI of 1628 kWh/m2) comes out to be 0.20. The corresponding values for SIPH systems with storage are estimated at 0.29 and 0.21 for Ahmedabad and Solapur, respectively. Thus, while designing an SIPH system, optimal value of design DNI and the size of thermal energy storage are needed to be estimated separately for each location.



In general, it can be noted from Figure 4 that the textile industry at Bellary delivers a maximum thermal energy for PTC and also for FPC (Table 4), whereas a minimum amount is delivered by the textile industry at Solapur. If we compare the annual achievable GHI/DNI (Table 1), it will appear that Bellary gives rise to maximum GHI/DNI, where Solapur gives the lowest value of GHI/DNI; the geographical descriptions of Bellary and Solapur are, respectively, 15.13° N 76.92° E and 17.65° N 75.90° E. Thus, the difference in latitude and longitude of a place experiences different solar radiation; this is manifested in the difference in capacities to provide annual solar radiation in terms of GHI/DNI.




3.3. Assessment of Financial Performance


To assess the cost advantage of SIPH over the existing conventional industrial process heating systems, the cost of deliverable thermal energy is also calculated for the conventional process heating systems for use of different types of fuels normally employed in the cotton-based textile industries in India. Equation (5) is used for cost calculation using price data for different fuels, as provided in Table 6. The results obtained are presented in Table 6 for two scenarios: one for the case of uniform fuel price for the entire life period of the system, and the other with an annual price escalation by 5% in each year till the end-of-life period.



Estimates of levelized unit cost of energy delivered by the SIPH systems (both FPC- and PTC-based) at all the selected locations are presented in Figure 5.



It is evident from the results that the performance of solar thermal systems varies with locations. This is quite natural. For fixed values of GHId/DNId, the collector area becomes fixed. However, available values of GHI/DNI in real-life situations must vary with latitude and longitude of locations. On the basis of a fixed collector area, any variation in availability of solar radiation (solar thermal energy) signifies that the amount of deliverable thermal energy will be different. This leads to alteration in levelized cost of useful thermal energy delivered. Therefore, the results advocate that the annual performance of a solar thermal system (FPC/PTC) is globally dependent upon the climatic condition, which varies from place to place in terms of maximum achievable GHI/DNI, number of cloudy/rainy days, seasonal daytime available, etc. It can be observed from Table 1 that the lower the latitude and higher the longitude of a place, the higher the magnitude of receivable solar radiation. This follows from the positional relationship between the sun and Earth together with the motion of the Earth (both rotation about its own axis and revolution around the sun); also, the annual achievable value of solar radiation at a place is decided by the above.



It can be noted that the estimates are made for four different values of GHId and DNId. A comparison of the estimates presented in Figure 5 with the estimated levelized cost for conventional fossil-fuel-based systems in Table 6 makes it clear that for the case of uniform fuel prices, the conventional systems appear to be financially more attractive. However, in the more realistic assumption of a uniform annual escalation of 5% in the price of the fuel, the financial attractiveness of the SIPH systems seems to lag.



It may be further noted that, as is usually expected, the SIPH systems with storage to accumulate the excess energy are financially more attractive as compared to the systems without storage. This is true for all the conditions and locations. On the other hand, for parabolic-trough-based SIPH systems, the provision of storage system does not make much difference, as at most of the locations, minimum values of levelized cost are obtainable for the SIPH systems without the provision of thermal energy storage.



The values of other measures of financial performance at the selected locations are calculated as per the analysis explained in the preceding section (Table 7). From the foregoing discussion, it becomes clear that the change in latitude and longitude of location of textile industries experiences different situations to work under. Hence, for a specific design value of GHId or DNId, the performance of similarly designed solar thermal systems varies in respect of the amount of thermal energy that can be delivered by the solar systems. Accordingly, levelized cost of useful thermal energy obtainable from a solar thermal system in a location varies (Table 6 and Table 7).



The results are applicable for both the case of FPC- and PTC-based heating, which are meant to be used for saving dear furnace oil being used in a conventional boiler. From the results, it may be observed that the SIPH for hot water generation to be used in cotton yarn production is an economically viable option at all locations considered in this study. On the other hand, the parabolic-trough-based SIPH system becomes somewhat competitive only under certain specific conditions (viz., no escalation of fuel price). It may be noted that payback period for the parabolic-tough-based SIPH system is very long. Moreover, parabolic-trough-based SIPH systems may be financially attractive only at such locations, where annual DNI values are more than 1650 kWh/m2/annum. The present exercise is suggestive of the fact that use of solar energy for process heating in the cotton-based textile industry bears a high potential for being cost-effective. In this context, it is very pertinent to mention that apart from direct financial benefit obtainable from the replacement of conventional process heating by solar thermal systems, there is great intangible benefit whose cost equivalence is not worked out in the present investigation. Noting that burning of one liter of light diesel oil (as is being used in the majority of textile industries for process heating) gives rise to the emission of 2.68 kg of CO2, and that expenditure of 41.868 GJ of thermal energy equals one ton oil equivalent, the amount of reduction in CO2 emission was calculated for both yarn production and fabric processing for textile industries under study. It is found that the use of SIPH for yarn production leads to a diminution in emission of CO2 by 382.5 tons for each ton of yarn production. For one ton of fabric processing, the calculated value in the reduction of CO2 is as high as 4264 tons.





4. Conclusions


From the study conducted in textile industries situated at various locations, it has transpired that the performance of a solar thermal system, both FPC and PTC, is highly sensitive to available annual GHI/DNI, ambient temperature, and other climatic conditions. The difference in deliverable thermal energy has a cost implication and the present study also looked into the technoeconomic feasibility. In the studied region, the technoeconomic feasibility is established with different performance level at various locations. This observation is generic and is applicable to all locations across the globe.



The authors conclude that the financial attractiveness of SIPH for the cotton-based textile industry depends on several factors such as (a) solar collector technology to be used and its performance characteristics, (b) temperature and pressure requirements for process heating, (c) design value of insolation, (d) availability of solar radiation at locations of installation, and (e) the extent of thermal energy storage included in the system. The availability of radiance is different at different locations, so the cost of energy generation and the system’s performance are at variance with one another.



It is observed that solar heating systems of the cotton-based textile industry can achieve a solar fraction of 0.35 with storage system integrated to a flat plate collector, whereas the value appears to be around 0.30 in the case of a parabolic-trough-based system with a storage system. In consideration of uniform price of fossil fuels over the entire useful life of the system, the cost of thermal energy varies from INR 869/GJ for LSHS to INR 1285/GJ for natural-gas-based process heating. In case an annual escalation of 5% is considered for the price of fossil fuels, the cost would vary from INR 1023/GJ for LSHS to INR 1643/GJ for natural gas. It is finally inferred that SIPH in the textile industry can be attractive for locations of abundance in availability of solar radiation. It is also concluded that, for hot water generation, the values of discounted payback period are much smaller than the expected useful life of the SIPH system (11–14 years), whereas the payback period for PTC-based steam generation systems is rather large (19–23 years).
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Figure 1. SIPH systems (PTC) used for the present study. 
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Figure 2. Variation of thermal energy with changing GHId values for each of the selected locations. 
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Figure 3. A schematic of the methodology adopted for performance estimation of SIPH systems. 
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Figure 4. Performance of parabolic-trough-based SIPH for the selected locations. 
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Figure 5. Calculated cost of deliverable thermal energy under various conditions. 
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Table 1. Locations selected for the present study with corresponding annual average values of GHI, DNI, and ambient temperature (source: Meteonorm 8 database).
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	Location
	Latitude

(°N)
	Longitude

(°E)
	Annual GHI (kWh/m2)
	Annual DNI

(kWh/m2)
	Average Ambient Temperature (°C)





	Ahmedabad
	23.02
	72.57
	1994
	1837
	27.2



	Bellary
	15.13
	76.92
	2082
	1897
	27.3



	Bhilwara
	25.32
	74.58
	1958
	1864
	26.2



	Erode
	11.34
	77.71
	1877
	1847
	29.4



	Guntur
	16.30
	80.43
	1789
	1528
	27.7



	Madurai
	9.92
	78.11
	1890
	1747
	27.9



	Pali
	25.77
	73.32
	1903
	1714
	26.7



	Solapur
	17.65
	75.90
	1781
	1628
	28.1
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Table 2. Thermal energy requirement for 4560 tons yarn in one year.
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	Annual production of yarn (tons)
	4560



	Daily production (tons)
	12.49



	Hourly production (tons)
	0.52



	Water use (liter/kg)
	15.1



	Total water requirement hourly (liters)
	7860



	Ti (water) (°C)
	15



	To (water) (°C)
	95



	Hourly energy requirement (GJ)
	2.64



	Load in terms of kWh
	729



	Thermal energy requirements (GJ/kg)
	5.05
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Table 3. Consumption requirement of thermal energy in textile production [23].
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	Item
	Range of Specific Thermal Energy Consumption (GJ/kg)
	Average Thermal Energy Consumption (GJ/kg)
	Heat Transfer Medium
	Temperature





	Yarn Production
	4.500–5.600
	5.050
	Hot water
	85–95 °C



	Fabric processing
	45.750–67.500
	56.625
	Steam
	130–180 °C
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Table 4. Calculated values of thermal energy storage (TES) with corresponding solar fraction (SF) of PTC at DNId = 600 W/m2.






Table 4. Calculated values of thermal energy storage (TES) with corresponding solar fraction (SF) of PTC at DNId = 600 W/m2.





	
Thermal Energy Requirement (GJ/h) = 5.08

	
Design DNI (DNId) (W/m2) = 600




	
Location

	
Collector Area Required

	
Annual Energy Delivered

	
Annual Energy Dumped/Stored

	
Solar Fraction




	
(m2)

	
(GJ)

	
(GJ)

	
without Storage

	
with Storage






	
Guntur

	
3705

	
9310

	
11,504

	
0.21

	
0.23




	
Solapur

	
3701

	
8920

	
10,177

	
0.20

	
0.21




	
Erode

	
3712

	
11,079

	
14,601

	
0.25

	
0.30




	
Madurai

	
3708

	
9964

	
13,716

	
0.23

	
0.27




	
Ahmadabad

	
3705

	
11,634

	
14,601

	
0.26

	
0.29




	
Pali

	
3705

	
11,157

	
13,274

	
0.25

	
0.27




	
Bhilwara

	
3710

	
10,894

	
14,159

	
0.25

	
0.30




	
Bellary

	
3709

	
11,211

	
14,601

	
0.25

	
0.3
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Table 5. Inputs for financial analysis of using a solar thermal system for SIPH in textile industries.
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Parameter

	
Symbol

	
Parameter Value

	
References






	
Inlet temperature (for FPC)

	
Ti

	
15 °C

	
[46,47]




	
Outlet Temperature (for FPC)

	
To

	
80 °C




	
Average value of required thermal energy per hour (for FPC)

	
RTEh(Ph)

	
2.64 GJ/h




	
Efficiency of FPC

	
  η  

	
60%




	
Inlet temperature (for PTC)

	
Ti

	
60 °C

	
[48,49,52]




	
Outlet temperature (for PTC)

	
To

	
180 °C




	
Mean fluid temperature

	
Tm

	
120 °C




	
Average value of thermal energy required per hour (for PTC)

	
RTEh(Ph)

	
5.08 GJ/h




	
Efficiency of PTC

	
η

	
66%




	
Capital cost

	
Ccon

	
INR 7,000,000

	
[50]




	
Useful life

	
ncon

	
30 years




	
Efficiency of fuel utilization in the boiler

	
    η f    

	
80%




	
Price of LDO (INR per kg in December 2016)

	
UPf

	
INR 35.92

	
[51]




	
Unit price of furnace oil (INR per kg in December 2016)

	
UPf

	
INR 28




	
Price of Natural gas (INR per kg in December 2016)

	
UPf

	
INR 42.60




	
Price of LSHS (INR per kg December 2016)

	
UPf

	
INR 28.69




	
Annual escalation in the prices of fuels

	
ξ

	
5%




	
Calorific value of LDO

	
CVf

	
0.04310 GJ/kg

	
[52]




	
Calorific value of furnace oil

	
CVf

	
0.0415 GJ/kg




	
Calorific value of LSHS

	
CVf

	
0.04416 GJ/kg




	
Calorific value of natural gas

	
CVf

	
0.0430 GJ/kg




	
Capital cost of FPC based SIPH system (INR per square meter) as in 2016

	
Co

	
INR 12,000

	
[53]




	
Capital cost of PTC based SIPH system (INR per square meter) as in 2016

	
Co

	
INR 26,500

	
[54]




	
Annual O&M costs

	
ACOM (Ac)

	
1% of capital

	
[28]




	
Annual escalation in O&M cost

	

	
0.01%




	
Annual deration in the collector performance

	
ξ

	
0.005%




	
Useful life

	
nsolar

	
25 years




	
Discount rate

	
D

	
12%
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Table 6. Expenditure to be incurred for conventional process heating systems.






Table 6. Expenditure to be incurred for conventional process heating systems.





	
Type of Fuel

	
Levelized Cost of Useful Thermal Energy Delivered (INR/GJ)




	
without Escalation

	
with Escalation (@5%)






	
Light diesel oil

	
1105

	
1331




	
LSHS

	
869

	
1023




	
Furnace oil

	
897

	
1261




	
Natural gas

	
1285

	
1643
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Table 7. Measures of financial viability of SIPH systems in the textile industry in India (for cotton-based yarn and fabric processing).
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Flat-Plate-Collector-Based SIPH Systems (for Yarn Production)




	
Location

	
Minimum Value of LCUTE Delivered (INR/GJ)

	
Discounted Payback Period (years)

	
Net Present Value (INR)

	
Internal Rate of Return (%)




	
Ahmedabad

	
864

	
12

	
20,194,374

	
17.50




	
Bellary

	
828

	
11

	
22,327,807

	
18.30




	
Bhilwara

	
864

	
12

	
22,067,709

	
17.50




	
Erode

	
866

	
12

	
21,808,329

	
17.75




	
Guntur

	
968

	
14

	
14,861,212

	
16.03




	
Madurai

	
882

	
12

	
20,601,307

	
17.40




	
Pali

	
798

	
11

	
24,940,457

	
18.40




	
Solapur

	
861

	
14

	
14,513,988

	
15.90




	
Parabolic-trough-Based SIPH Systems (for Fabric Production)




	
Ahmedabad

	
1035

	
20

	
8,799,988

	
13.20




	
Bellary

	
1048

	
21

	
6,297,279

	
12.97




	
Bhilwara

	
1110

	
19

	
10,880,904

	
13.75




	
Erode

	
1307

	
19

	
10,491,153

	
13.55




	
Guntur

	
1289

	
Not viable

	
(−)5,941,627

	
10.30




	
Madurai

	
1164

	
23

	
3,186,870

	
12.50




	
Pali

	
1083

	
21

	
8,431,754

	
13.10




	
Solapur

	
1412

	
Not viable

	
(−)11,638,369

	
10.10
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