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Abstract

:

With an expected annual increase of 1.2%, the industrial sector already consumes over 54% of all the energy generated globally. The majority of industrial sectors presently relies on fossil fuels to fulfil their needs for heat energy, but renewable sources, especially solar energy, can be substituted for them. For an underdeveloped country such as Pakistan, its industrial sector is important for the country’s economic development and long-term growth. The use of solar thermal energy potentially offers a significant and cheap alternative to fossil fuels. The current study focuses on a process heating system based on flat-plate solar collectors, developed to provide low to moderate temperature process heat. The innovative model’s thermal efficiency and economic feasibility have undergone a thorough investigation and analysis through TRNSYS simulations. The system portrayed a 79% thermal energy efficiency and 4.31% exergy efficiency during peak hours. The optimized system for three different temperatures of 60 °C, 70 °C, and 80 °C was designed and evaluated. The system presented a total of 82 tons of CO2 prevention annually. The economic analysis consisting of three parameters, NPV, IRR and PBP, also deemed the FPC-based solar thermal system economically profitable.
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1. Introduction


Around the world, energy demand is increasing every day because of modernization and the development of nature-excavating processes to facilitate human comfort [1]. According to research, worldwide energy consumption is to increase by a significant proportion. Estimations show an increase of 33% for a two-decade forecasting, shown in Figure 1 (i.e., 2010 to 2030) [2]. One of the most immediate issues is the surge in greenhouse gas emissions generated by the consumption of fossil fuels for energy conversion [3]. Many industrially developed countries have pledged to lower their combined greenhouse gas emission levels in comparison to 1990 under the Kyoto Protocol [4,5]. Since a significant portion of energy is utilized in industrial operations, energy is extremely important for the growth of the industrial sector. Over 50% of the world’s total energy consumption is caused by industrial processes [6,7]. A review conducted by researchers studying energy use patterns showed that, even though fossil fuel-based industrial processes were deteriorating the environment, due to energy being so closely corelated with their economy, they were showing no any sign of shifting or slowing down their consumption of energy [6]. From 1990 to 2015, global energy-related CO2 emissions totaled 32.294 gigatons, representing a 57.5% increase. The industrial sector is responsible for roughly 47% of total emissions [8]. A major example of its harm is the catastrophes that struck European countries in 2003, causing USD 10 billion losses in the agriculture industry [9]. According to statistics, the average energy consumption in Pakistan’s industrial sector is roughly 35%, and most industries in Pakistan mostly employ natural gas or grid-supplied energy to meet their production goals [10].



Process heating is a very common phenomenon in industrial sectors. Process heating for industries usually utilizes natural gas and electric power to get hot water, which is then incorporated into the system for process heating [11]. This process is so common that it can be found in almost every industry. Due to such characteristics, an environmentally friendly alternative solution to such a process is of critical importance. Solar energy is a green energy resource that offers an appealing range of choices and options for meeting industrial and commercial thermal demand in a manner that is ecologically friendly [12]. Despite this, fossil fuels continue to play a significant role in satisfying the energy demands of many processes. Solar thermal collectors are better for generating process heat since they transform the energy of the sun received on the surface directly into heat, raising the temperature of working fluid with an efficiency of about 3–4 times that of a photovoltaic (PV)-powered electric heater [13]. Several studies conducted around the globe for different industries portray that, for most industries, the operating temperatures for process heating lie below 100 °C [14,15,16,17,18,19,20,21,22,23,24,25,26]. This article provides an in-depth examination of many solar thermal-based energy systems and their industrial applications. Additionally, it should be emphasized that natural gas and fossil fuel-based power encompass almost 80% of global energy consumption for industrial processes [27].



Pakistan lags behind in solar thermal research, but there have been major studies conducted in neighboring countries. Researchers [28] examined the uptake of solar thermal technology in China and identified the top 10 prospective industries. They projected that China could cut its CO2 emissions by at least 39.40 MT of coal in 2020. Researchers [29] looked into the potential for the solar heating of processes in the Indian cement industry. The analysis determined that India’s cement plants have a heating potential of 664 PJ. Research [20] evaluated the environmental benefits of using solar energy as a primary fuel for the paper industry of India. A total potential of 25.2 PJ/year of process heating is thought to be available in the Indian paper industry, with a 0.34 × 106-ton reduction in CO2 emissions annually.



There have been numerous studies carried out for the feasibility of FPC in solar thermal systems and process heating applications. One work [30] carried out a cost analysis for the implementation of solar FPC systems and the SIR ratio was discovered to be most sensitive to shifts in the cost of NG, costs of collector areas, discount rates, and auxiliary heater costs. Research [31] estimated the area of solar collectors required to heat a common house in the northern areas of Pakistan. A flat solar thermal collector with an area of about 12 m2 is sufficient to maintain a temperature of a typical urban house at or above 26 °C. One work [32] used a combination of solar collectors and PV panels to design a complete system for solar-assisted process heating in a Malaysia-based industry. The resulting systems were able to generate 1420 W of power with a 75% thermal efficiency and 2.72% exergy efficiency. Another work [33] used HTM algorithms to carry out rooftop simulation for the evaluation of flat-plate solar collectors to achieve sustainable energy. A community in southern Spain with 7000 residents was studied. The results indicate that integrating FPC-based thermal systems could reduce CO2 emissions by 1400 kg per resident. An analysis of flat-plate collector exergy was proposed [34], where the computed maximum useable energy rate was 101.6 W, the ideal fluid inlet temperature was 69 °C, and 5.96% exergy efficiency was reported. On study [35] used orthogonal arrays to create the flat-plate collector’s processing settings. The effectiveness with this optimization procedure could successfully accomplish the waste mitigation goal of the research, with a heat dissipation factor of 0.79 and efficiency coefficient of 3.470 W/m2 °C under ideal circumstances, according to three validation tests conducted through experimentation. These studies showed that the FPC-based system had a great potential to provide thermal heating for processes requiring temperatures up to 100 °C.



Other types of collectors are also widely accepted and used throughout industry to meet temperature requirements above 100 °C. Research [36] investigated the effects of solar irradiation on steam generation. The results show that about 17% to 23% of total yearly steam generation could be possible without the use any thermal storage. One work [37] carried out TRNSYS-based simulation and a parametric analysis of an evacuated-type solar thermal collector water distillation system. The system sustained a required temperature of 110 °C. Another work [38] focused on the developmental study that is being done on solar PTC’s efficacy and efficiency to enlarge the application portfolio. Research [39] investigated this, where five different collector types were used, ranging from simple fixed flat-plate collectors to mobile parabolic trough types. According to the data, these systems can produce energy gains of between 550 and 1100 kWh/m2 per year. Depending on the type of collector used, the costs for the solar thermal range were between 0.015–0.028 CGBP/kWh. One work [40] used TRNSYS software and the simulation of a parabolic trough collector plant spread on a small scale to provide warm air for an industrial factory. According to calculations, the solar facility could prevent up to 57% of CO2 emissions per year. The applicability of a PTC system in Cyprus on the largest soft drink factory was investigated [41]. The work concluded that the system could efficiently produce 980 L of steam per day and could store 107.3 KWhth energy. These works portray the potential and practicality of solar thermal collectors other than FPCs. Due to the process heating requirements for selected industries being below 100 °C, this research only focuses on the FPC-based system.



There have been numerous studies conducted throughout the globe, as indicated by the reviewed literature, but there have been no such studies carried out for thermal assessment, modelling and simulation of a solar collector-based industrial process heating system for the industrial sector of Jamshoro, Pakistan. The objective of the present study is to demonstrate the energy, exergy, environmental and economic analysis (4E) of FPC technology for heating purposes in Jamshoro, Pakistan. The findings are built on an energy analysis, exergy analysis, and economics to determine how efficiently the model is designed in TRNSYS.




2. Methodology


The objective of this investigation is to evaluate the viability of industrial process heating based on solar collectors in Pakistan. The research is simulation-based, so the objectives are achieved by software simulations using TRNSYS.



2.1. Site Selection and Weather Data


A Jamshoro-based industry was selected as the study area because there have been no such studies carried out for thermal assessment, modelling and simulation of a solar collector-based industrial process heating system. The satellite view of Jamshoro city is shown in Figure 2. The hot water requirements of the selected industry for three different processes and other input parameters for thermal assessment are given in Table 1.




2.2. Modelling and Simulation in TRNSYS


A model of a flat-plate collector-based industrial process plant is developed in TRNSYS software to achieve the results through simulations shown in Figure 3. TRNSYS is a simulation tool for passive and active solar design that is largely utilized in the discipline of renewable energy. The model consists of three major pieces of equipment, namely, a water pump, flat-plate solar collector and an auxiliary heater.



Following assumptions are made about the system:




	i.

	
It is assumed that the system is in equilibrium, meaning that the temperature of the pipe and the water are always same.




	ii.

	
The annual average ambient temperature of surrounding and inlet cold water are the same (25 °C).




	iii.

	
Since there is no pressure relief valve in operation, the mass flow rate is constant throughout the system, and losses are not considered.




	iv.

	
The working fluid does not boil or change state.




	v.

	
Losses of energy due to piping or valves are neglected.




	vi.

	
The materials used maintain their original thermal characteristics and thermal capacity regardless of temperature.




	vii.

	
There is no transfer of heat among the components used and the environment.










2.3. Mathematical Framework


2.3.1. Energy Analysis


Energy analysis is the most frequent method for evaluating energy conversion systems [43]. The fundamental law of thermodynamics, which describes how energy is transformed, serves as its foundation. This study generates an energy balance while accounting for the assessment of losses for each energy conversion system and use of the energy source [44]. The first law of thermodynamics serves as the foundation for energy analysis, which consists of calculating the energy balance and assessing energy efficiency [32,45]. The energy balance is expressed as:


  ∑   Q ˙   i n   = ∑   Q ˙   o u t   + ∑   Q ˙   l o s s    



(1)






    Q ˙   s u n   +   Q ˙   m a s s , i n   =   Q ˙   m a s s , o u t   +   Q ˙   l o s s    



(2)




where     Q ˙   i n    ,       Q ˙   o u t     and       Q ˙   o u t     are the energy input, energy output and energy loss, respectively.       Q ˙   s u n     represents how much energy of solar radiation reaches the solar thermal collector’s surface and can be evaluated by the following expression:


      Q ˙   s u n   = τ α  A  F P C    I  r a d    



(3)




where  τ  = Transmittance coefficient,  α  = Absorptance coefficient,    A  F P C     = Area of flat-plate collector and    I  r a d     = Incidence radiations on the solar collector surface.



Thermal Energy Efficiency


Thermal energy efficiency determines the efficiency of the solar collector to collect the solar radiation and transfer it to the working fluid to raise its temperature [46]. The thermal energy efficiency of the system can be expressed as:


   η  T h e r m a l   =       Q ˙   g a i n       Q ˙   s u n      



(4)




where     Q ˙   g a i n     is the quantity of heat gained by the working fluid, expressed as:


    Q ˙   g a i n   =  m ˙   C p     T  w a t e r , o u t   −  T  w a t e r , i n      



(5)




where    T  w a t e r , i n     = Temperature of the cold working fluid entering the solar thermal collector, and    T  w a t e r , o u t     = Temperature of the hot working fluid leaving the solar thermal collector.



Hence, the final equation for the thermal energy efficiency becomes:


   η  T h e r m a l   =      m ˙   C p     T  w a t e r , o u t   −  T  w a t e r , i n       τ α  A  F P C    I  r a d      



(6)









2.3.2. Solar Fraction


The solar fraction is the fraction of total required energy provided by the solar collector. It is evaluated by dividing the solar heat gain with the total required energy for process heating, which is expressed as:


  S F =     Q ˙   g a i n       Q ˙   g a i n   +   Q ˙   a u x        



(7)




where     Q ˙   a u x     is the quantity of heat supplied by the auxiliary heater.




2.3.3. Exergy Analysis


The portion of functional energy that may be expended or transformed into useful work is known as exergy [47]. The second law of thermodynamics [48] is the foundation of the basic theory of exergy analysis. The exergy balance is written as:


  ∑   Q ˙    X  i n     = ∑   Q ˙    X  o u t     + ∑   Q ˙    X  D e s t      



(8)






    Q ˙    X  s u n     +   Q ˙    X  m a s s , i n     =   Q ˙    X  m a s s , o u t     +   Q ˙    X  D e s t      



(9)




where     Q ˙    X  i n      ,     Q ˙    X  o u t       and     Q ˙    X  D e s t       are the exergy input, exergy output and exergy destruction, respectively.     Q ˙    X  s u n       represents how much exergy of solar radiation reaches the solar thermal collector’s surface and can be evaluated by the following equation:


    Q ˙    X  s u n     =  A  F P C    I  r a d     1 −    T  a m b      T  s u n        



(10)




where    T  s u n     and    T  a m b     are, respectively, the sun’s equivalent temperature and the ambient temperature. The value of    T  s u n     is 5777 K.



Thermal Exergy Efficiency


The thermal exergy efficiency of the system can be evaluated through the following expression:


   ε  T h e r m a l   =     Q ˙    X  T h e r m a l         Q ˙    X  s u n          



(11)






    Q ˙    X  T h e r m a l     =  m ˙   C p       T  w a t e r , o u t   −  T  w a t e r , i n     −  T  a m b     ln      T  w a t e r , o u t      T  w a t e r , i n            



(12)






    Q ˙    X  s u n     =  A  F P C    I  r a d     1 −    T  a m b      T  s u n          



(13)







Hence, the final equation for the thermal energy efficiency becomes:


   ε  T h e r m a l   =    m ˙   C p       T  w a t e r , o u t   −  T  w a t e r , i n     −  T  a m b     ln      T  w a t e r , o u t      T  w a t e r , i n            A  F P C    I  r a d     1 −    T  a m b      T  s u n            



(14)










2.4. Economic Analysis


Economic analysis evaluates the advantages and costs of running a project. It is employed to evaluate the suitability and efficiency of resource consumption. This study focuses on the discounted cash flow technique, which adopts net present value (NPV), internal rate of return and payback period (PBP) to evaluate the feasibility of a project. The primary assumptions and variables considered in the economic analysis are shown in Table 2.



2.4.1. Net Present Value (NPV)


NPV measures the return on investment of a project while taking the time value of money into consideration [53]. The projected worth of a financial investment in a project is taken into consideration by NPV. In this procedure, the necessary starting project cost is first subtracted from the overall cash flows after they have been transformed into the equivalent earnings at the project’s outset using the proper discount rate [54]. Comparatively, this amount is regarded as an NPV indication, as indicated by Equation (15). A project is deemed acceptable, cost-effective, and productive if its NPV is positive. Conversely, a negative NPV is considered inappropriate and unprofitable.


  NPV = −  C o  +   ∑   i = 1   i = n      C i        1 + r    i     



(15)




where    C o    is total cost of initial investment,    C i    is the projected cash flow for ith year, r denotes discount rate, and the plant age number is denoted by i year.




2.4.2. Internal Rate of Return (IRR)


IRR is a benchmark that shows the future returns from a project and the viability of a project [55]. It is obtained by setting the NPV of a project equal to 0, as shown in Equation (16). According to this method of evaluation, if the project’s rate of return exceeds the investment’s interest rate, the project is deemed financially feasible; if it is less, the project is deemed unprofitable.


  0 = −  C o  +   ∑   i = 1   i = n      C i        1 + IRR    i     



(16)








2.4.3. Payback Period (PBP)


The term “payback period” refers to the amount of years needed to recoup the investment expenses. It is, in other words, the time frame of a project at which it has generated enough net revenue to pay its investment expenses [56]. The payback period for the project can be evaluated by Equation (17) as:


  n =    C o    CF    



(17)




where n represents the payback period of the project and CF is the annual cash flow of the system.






3. Results and Discussion


Using the meteorological information for Jamshoro City, the annual results for the basic model and the optimized FPC configuration are obtained and discussed in this section. The thermal performance study, along with an environmental and financial analysis, are covered in the subsequent sections.



3.1. Jamshoro Weather Profile


Jamshoro has a hot and dry climate throughout the year. The fluctuations in annual maximum and minimum ambient temperatures attained from TRNSYS simulation are shown in Figure 4. The solar radiation intensity in Jamshoro varies throughout the year, with a maximum value from April to August of about 3600 kJ/h·m2, which is equal to 1000 W/m2. In the remaining months of the year, the radiation intensity falls to an average of about 2600 kJ/h·m2, which is equivalent to 722 W/m2. Figure 4 also shows the variation in ambient temperature throughout the year in Jamshoro.




3.2. Optimal Collector Angle


The slope of the flat-plate solar collector must be optimized to achieve the maximum collector efficiency possible for the location of Jamshoro. To optimize the collector angle, simulations were performed in 10° intervals at 0° azimuth and plotted in Figure 5. To obtain the maximum benefit of this system, the slope with the maximum collector efficiency and solar fraction is to be chosen. The results in Figure 5 show that the flat-plate solar collector attained a maximum collector efficiency of 70% and solar fraction of 54% at the angle of 30°.




3.3. Energy Analysis


The first law of thermodynamics was applied to analyze the energetic performance of the flat-plate collector system based on the data obtained from TRNSYS simulations. In Jamshoro, radiation levels range from 100 W/m2 to 1000 W/m2 throughout the day. At a radiation intensity of 100 W/m2, the thermal efficiency of the system was negligibly small at 5%. The radiation intensity was then increased by 100 W/m2 increments. It can be seen in Figure 6 that, as the radiation intensity is further increased, the thermal efficiency curve starts to become steeper and reaches a thermal efficiency of 79.49% as the radiation becomes 1000 W/m2. It is apparent that the designed system showed a direct relationship between thermal efficiency and increasing radiation levels, which correlates with the literature [57]. The results indicate that the system’s efficiency increases gradually from 8 a.m. and then reaches peak efficiency at noon, when the radiation levels are close to 1000 W/m2. During these peak hours, the fraction of solar energy is significantly higher than the auxiliary heater energy. Further in-depth analysis of Figure 6 also shows the system to be quite responsive. Even at a radiation level of 300 W/m2, which is significantly lower than the mean radiation in Jamshoro, the thermal energy efficiency of the system remained above 60%. Hence, these results conclude the system to be technically feasible.




3.4. Exergy Analysis


To counterbalance the induced entropy, a certain quantity of energy must be expended, which cannot be obtained for useful purposes. Such behavior of energy systems necessitates the exergy analysis of these systems, in which exergy efficiency is the primary metric used to grade the genuine performance of the considered system. Exergy efficiency is a more crucial metric than energetic efficiency since it provides a more detailed insight into the performance of thermal systems [58,59]. The assessment of the thermal exergy efficiency shown in Figure 3 involved simulating the exergy performance of the STC system at prescribed radiation levels. At a radiation intensity of 100 W/m2, the system showed a 0% thermal exergy efficiency. The radiation intensity was then increased by 100 W/m2 increments. The highest exergy efficiency of the system reached 4.31% at an irradiation of 1000 W/m2. The results are also plotted in Figure 7 to visualize the direct relation between the thermal exergy efficiency of the system and radiation levels, which corresponds to the literature [60]. Even at the highest irradiation level, the energetic performance of the system is quite poor because heat is a low-grade form of energy that cannot be efficiently transformed into useful energy forms [61]. In addition, heat transfer is governed by the temperature difference among two systems [62]. Solar heating systems acquire heat from the temperature gradient between the sun and working fluid, where the temperature contrast is massive. The current study uses the thousands of degrees Celsius of the sun temperature to elevate the water outflow temperature to roughly 80 °C [63]. This significant temperature difference among the two bodies degrades the ability of the thermal process to transform heat into a useable form of energy, and, consequently, the majority of it is dispersed as non-recoverable wasted energy, leading to lower exergy efficiency.




3.5. Optimization of FPC Configuration


The surface area of the collector has a direct impact on how much solar energy a solar thermal system can acquire. Therefore, the area of the solar collector must be optimized according to the process heat requirements. As for this research, the process heating requirements are listed in Table 1. There are three processes, namely, Process A, Process B and Process C, which require process heat at temperatures of 60 °C, 70 °C, and 80 °C, respectively. The simulation results in Figure 8 show that the flat-plate collector efficiency is indirectly proportional to its area. Contrarily, the solar fraction presents a direct relationship with increasing collector area. In addition, as pointed out by [49,64], it is impractical to assume the solar fraction and collector efficiency to be more than 60% due to the limited availability of solar energy. Therefore, area optimization becomes a crucial task in large-scale applications. To achieve this, the data sets of the solar fraction and collector efficiency for processes A, B and C plotted in Figure 8 are utilized. The intersection points of the collector efficiency curve with the solar fraction curves of all three processes yield the area value of the solar collector area. Table 3 contains the summarized results for all three processes.




3.6. Environmental Analysis


This study involves the analysis of the environmental benefits for the solar thermal system, shown in Figure 3, in terms of the total reduction in CO2 emissions. The selected industry employs natural gas as the major source of heat for its processes. The average combustion efficiency of natural gas reported by [65] is 83.9%, with an average heating value of 43,900 kJ/kg. The optimized parameters of the STC system are shown in Table 3. These data are used to evaluate the annual CO2 reduction for all three processes of the given solar thermal system. The results in Figure 9 indicate that deploying this system can prevent around 82 tons of CO2 emissions yearly.



The designed FPC-based heating configuration shown in Figure 3 can also be used for systems with much higher heating requirements. To validate this statement, the designed system is simulated at 70 and the mass flow rate is gradually increased up to 30,000 kg/h under optimized SF and collector efficiency. Figure 10 contains the response of the system. At a mass flow rate of 1000 kg/h the system showed a reduction in CO2 emissions of about 28 tons per annum. When the mass flow rate is gradually increased to 30,000 kg/h, the CO2 emission reductions increased to 830 tons per annum. The extrapolated results conclude the designed configuration to be environmentally feasible and can be opted for other massive installations as well.




3.7. Economic Analysis


Jamshoro weather was used to analyze the economic viability of the solar process heating system. Three distinct processes were examined at temps of 60 °C, 70 °C, and 80 °C. The selected industry utilizes natural gas as the fuel to meet its process heating requirements.



3.7.1. Net Present Value (NPV)


The net present value of each process is evaluated at a discount rate of 10% and the results are plotted in Figure 11. The net present values or NPVs of Process A, Process B, and Process C are found to be 3,932,172.98 PKR, 4,349,229.14 PKR, and 4,535,139.66 PKR, respectively. The results indicate that the system is profitable since the NPV is positive.




3.7.2. Internal Rate of Return (IRR)


The internal rate of return of the simulated model is evaluated and the results are documented in Figure 12. The IRR of Process A, Process B, and Process C is found to be 14.68%, 14.11%, and 13.56%, respectively. The IRR of each process for the designed system is greater than the interest rate; therefore, the system is economical and profitable.




3.7.3. Payback Period (PBP)


The payback period is calculated by considering the cash flows of the project and the results are documented in Figure 13. The payback periods of Process A, Process B, and Process C are calculated to be 6.37 years, 6.58 years, and 6.79 years, respectively. The life of the project is 20 years, and the payback period of the plant is considerably lower, as described above, than the plant life. Therefore, the system is deemed economical.






4. Conclusions


To address low to moderate heat demand for industrial operations with the least amount of fossil fuel use, a unique solar FPC process heating system was developed. The following are the key conclusions reached from this research:




	
The optimum FPC angle in terms of maximum solar fraction and collector efficiency is calculated to be 30° at an azimuth of 0°.



	
The energy analysis of the FPC solar thermal system portrayed a maximum thermal energy efficiency of 79% at 1000 W/m2 solar radiation and a minimum thermal energy efficiency of 5.31% at 100 W/m2. An in-depth analysis showed the system to be quite responsive. Even at a radiation level of 300 W/m2, which is significantly lower than the mean radiation in Jamshoro, the thermal energy efficiency of the system remained above 60%.



	
The exergy analysis showed a very low thermal exergy efficiency, peaking at 4.31% at 1000 W/m2 radiation intensity. Even at the highest irradiation level, the energetic performance of the system is quite poor because heat is a low-grade form of energy that cannot be efficiently transformed into useful energy forms.



	
The solar fraction of the system showed a direct relationship with increasing FPC area. Contrarily, flat-plate collector efficiency showed an indirect relationship with increasing FPC area. Such behavior necessitated the optimization of the solar thermal system. The optimized FPC area for operating temperatures of 60 °C, 70 °C, and 80 °C, at a flow rate of 1000 kg/hour each, is evaluated to be 79 m2, 100 m2, and 121 m2, respectively.



	
The environmental analysis showed that deploying such a system decreases the total amount of CO2 emissions by 82 tons annually. The designed system was also extrapolated to mass flow rates of up to 30,000 kg/h at 70 °C, and the results show the CO2 reductions were increased to 830 tons per year compared to 28 tons per year for 1000 kg/h. The extrapolated results conclude the designed configuration to be environmentally advantageous and practical for massive installations as well.



	
The NPV for each process showed a positive valve, concluding the system to be economically profitable.



	
The IRR of each process surpassed the interest rate, concluding the system to be economically profitable.



	
The PBP of the system was comprehensively less than the project life period, concluding the proposed system to be feasible.
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Nomenclature




	
    A     

	
Area




	
   CF   

	
Cash flow




	
    C o    

	
Total capital cost




	
    C p    

	
Heat capacity




	
    C i    

	
Cash inflow




	
    I  r a d     

	
Incidence radiations




	
    i  t h     

	
Year number




	
   m ˙   

	
Mass flow rate




	
n

	
Payback period




	
    Q ˙    

	
Energy




	
r

	
Discount rate




	
  T  

	
Temperature




	
X

	
Exergy




	
Greek letters




	
  α  

	
Absorptance coefficient




	
  η  

	
Efficiency




	
  ε  

	
Exergy efficiency




	
  τ  

	
Transmittance coefficient




	
Acronyms




	
Dest

	
Destruction




	
ETC

	
Evacuated tube collector




	
FPC

	
Flat-plate collector




	
HTM

	
Hierarchical temporal memory




	
IPH

	
Industrial process heating




	
IRR

	
Internal rate of return




	
NG

	
Natural gas




	
NPV

	
Net present value




	
OM

	
Operation and maintenance




	
PBP

	
Payback period




	
PTC

	
Parabolic trough collector




	
PV

	
Photovoltaic




	
SF

	
Solar fraction




	
SIR

	
Savings-to-investment ratio
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Figure 1. The trend in industrial energy usage until 2030 [6]. 
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Figure 2. Satellite view of Jamshoro [42]. 
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Figure 3. TRNSYS model of FPC-based SIPH plant. 
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Figure 4. Jamshoro weather profile. 
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Figure 5. Effect of slope on collector efficiency and solar fraction. 
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Figure 6. Energy efficiency response of FPC. 






Figure 6. Energy efficiency response of FPC.



[image: Energies 15 08617 g006]







[image: Energies 15 08617 g007 550] 





Figure 7. Exergy efficiency response of FPC. 
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Figure 8. Effect of varying FPC area on collector efficiency and SF. 
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Figure 9. CO2 reductions per annum. 
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Figure 10. Environmental performance of system at potential higher flow rates. 
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Figure 11. NPV of designed system. 
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Figure 12. IRR of designed system. 
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Figure 13. PBP of designed system. 
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Table 1. Input parameters.






Table 1. Input parameters.





	Parameters
	Process A
	Process B
	Process C





	Working fluid
	Water
	Water
	Water



	Operating temperature
	60 °C
	70 °C
	80 °C



	Fluid inlet temperature
	25 °C
	25 °C
	25 °C



	Flow rates of hot water (kg/h)
	1000
	1000
	1000



	Duration
	8 a.m.–6 p.m.
	8 a.m.–6 p.m.
	8 a.m.–6 p.m.
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Table 2. Parameters selected for economic analysis [49,50,51,52].
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	Parameters
	System (FPC)





	Capital cost (PKR per m2)
	140,000



	Total maintenance and operation cost (PKR per m2)
	8000



	Natural gas price (PKR/kg)
	225



	Discount rate
	10%



	Interest rate
	12%



	Plant life (years)
	20
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Table 3. Optimized area of each process.






Table 3. Optimized area of each process.





	Process
	Area (m2)
	Solar Fraction (%)
	Collector Efficiency (%)





	Process A
	79
	63.85
	63.51



	Process B
	100
	61.61
	61.49



	Process C
	121
	59.62
	59.56
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