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Existing studies on industrial heat demand have shown that more than 50% of the 

industrial process heat demand is in the range of low (<60 °C), medium (60-150 °C), 

and medium-high (<250 °C) temperatures. Most of the manufacturing industries across 

the world depend on combustion of carbon-based fossil fuels, either partially or fully, 

for the generation of process heat. Commercially available solar thermal technologies 

are capable of generating a significant portion of low temperature process heat, which 

would reduce the use of fossil fuels, reducing the associated energy cost volatility and 

carbon emissions. Moreover, the improvement and proliferation of solar collector 

technology, and the introduction of solar-friendly policies in recent years have made 

solar thermal systems economically competitive investments with long-term, inflation-

protected returns. Despite this tremendous benefit, the deployment of solar thermal 

systems for industrial process heating is surprisingly low.  

The major barriers for the deployment of solar thermal energy systems for industrial 

process heating include a poor understanding of operational characteristics of solar 

thermal systems at different heating loads and insolation values, and a lack of robust 



 

 

and cost-effective design decision support tools for appraising the merits of individual 

projects. The research presented herein aims to contribute in lowering the barrier for 

industrial scale deployment of solar thermal energy systems through: 1) Explanation of 

the characteristics performance of a solar flat-plate thermal system with backup gas 

heaters (a solar/gas hybrid heating system) at different heating loads and insolation 

values that approximate scaled process heating requirements of different industrial 

processes via an experimental study, 2) Identification of process heating temperatures 

that might be economically served with solar/gas hybrid heating systems based on site 

insolation characteristics, collector characteristics, and gas prices, 3) Identification of 

solar/gas hybrid heating system configurations that would provide higher system 

efficiency when combining solar and gas heating modes, and 4) Development and 

demonstration of design decision support tools for feasibility assessment of solar 

thermal energy systems. The outcomes of this research will enable engineers and 

industry decision-makers to analyze what-if scenarios to evaluate the feasibility of solar 

thermal systems for their applications based on site-specific data, while reducing cost 

and demand of technical resources required to perform the feasibility assessment.   
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Chapter 1. Introduction 

1.1. Motivation 

The industrial sector is the largest heat-consuming sector, accounting for 

approximately 43% of the total heat energy consumption globally [1]. Most of the 

manufacturing industries across the world depend on the combustion of carbon-based 

fossil fuels, either partially or fully, for generation of process heat [2]. Fossil fuels are 

limited and non-renewable, and their depletion has been identified as a future challenge 

[3]. Moreover, combustion of fossil fuels leads to serious environmental issues, such 

as air pollution, global warming, and acid rain. In contrast, renewable energy sources 

are inexhaustible with minimal associated global warming emissions [4]. Thus, 

renewable energy systems present an opportunity to reduce fuel consumption and 

carbon emissions.  

Solar thermal technology providing industrial heating needs have been the subject of 

academic and commercial investigation for decades. Commercially-available solar 

thermal technologies can easily generate a significant portion of low temperature 

process heat [5], which would reduce the use of fossil fuels, reducing the associated 

energy cost volatility and carbon emissions. With the improvement and proliferation of 

solar collector technology, and with the introduction of solar-friendly policies in recent 

years, solar thermal systems are becoming economically competitive investments with 

long-term, inflation-protected returns [6]. In addition to the energy cost savings, job 

creation is another key economic benefit offered by solar thermal systems—an 

estimated 828,000 jobs in the field of production, installation, and maintenance of solar 

thermal systems were created worldwide in 2016 [7].  

Despite the tremendous benefits, the actual deployment of solar thermal systems for 

industrial process heating is surprisingly low. An installed solar thermal capacity of 

only 456 GWth was recorded worldwide at the end of 2016. Of this, industrial process 

heating accounted for only around 3% of the total installed capacity [8]. Thus, further 

work is required to identify and address the barriers that are impeding the dissemination 

of solar thermal systems for industrial process heating applications.   
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1.2. Background 

Solar thermal systems are a mature technology and have been commercialized across 

the world. Application of solar thermal systems for domestic water heating is the most 

established technology, with a proven record of performance worldwide [9]. With the 

increasing environmental concerns and the energy cost volatility associated with the 

use of carbon-based fossil fuels, it is potentially advantageous to expand the use of 

solar thermal systems for industrial process heating applications. Compared to the 

domestic sector, the industrial sector has a wider range of applications where solar 

thermal systems can be easily integrated. Existing studies [10–13] on industrial heating 

demand have shown that more than 50% of industrial process heat demand is in the 

range of low (< 60 °C), medium (60 to 150 °C), and medium-high (< 250 °C) 

temperatures. The highest demand for low temperature process heat come from small 

and medium manufacturing industries, such as food and beverage, dairy, paper, textile, 

and wood industries [10,11,14,15], making them the most promising sectors for 

application of solar thermal energy systems. The most relevant manufacturing 

processes that use low temperature heat are washing and cleaning, sterilization, 

pasteurization, concentration, water heating, drying, and pre-heating [2]. Another 

advantage of using solar thermal systems in the industrial sector is that industrial loads 

are often uniform throughout the year and coincide with solar hours, which results in 

better performance of solar energy collectors [12]. Despite this potential, the 

deployment of solar thermal systems for industrial process heating remains low [16]. 

A major barrier for deployment of solar thermal systems for industrial process heating 

applications is the poor understanding of operational characteristics of the system at 

different heating loads and site insolation values. The most well-known drawback of 

solar thermal system is that solar energy is intermittent—solar energy is only available 

during day time and is geography and weather dependent. Due to the diurnal and 

seasonal variation of available solar energy, an auxiliary heating source is generally 

necessary to provide backup heating whenever solar energy fails to meet the energy 

demand. Direct-fired burners powered by natural gas are the most commonly used 

heating systems for generating process heat in manufacturing industries [17]. 
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Therefore, for industrial process heating applications, most solar thermal energy 

systems would likely rely on natural gas fired backup heating systems for reliability 

(also known as a solar/gas hybrid heating systems). In the United States, another reason 

for using natural gas-fired heaters is that the cost of natural gas is below the cost of 

electricity on a kWh-to-kWh basis [18]. Furthermore, depending on the feedstock 

energy source for generating electricity (e.g., from wind versus coal), there may be 

advantages from carbon emissions and primary energy consumption perspectives in 

obtaining auxiliary heating directly with gas [19]. In a real application, the general 

practice is that solar energy is first used to heat process fluids to a highest possible 

temperature, and if the solar energy is not sufficient, then gas energy is used to 

accomplish the final lift. However, previous studies [20,21] have shown that gas-fired 

heaters are inherently less efficient when heating high temperature fluids. Therefore, 

lower overall system efficiency than expected may be observed while operating a solar 

collector in conjunction with a gas-fired heater. Since this efficiency varies depending 

on the amount of pre-heating provided by solar input, it is challenging to accurately 

predict the actual cost and energy savings offered by solar/gas hybrid heating systems. 

This characteristic performance of solar/gas hybrid systems is often misunderstood. 

Another major barrier for the deployment of solar thermal systems for industrial 

process heating applications is the lack of suitable design guidelines and tools required 

for appraising the merits of individual projects [16]. Business owners will want to 

invest in solar thermal systems only if there is a clear benefit. However, they often do 

not have the capacity (money or expertise) to do the feasibility assessment themselves. 

A lot of times, independent consultancies are hired to do the assessment. That, however, 

comes at a cost not many business owners may be willing to invest in. A few studies in 

the past [10,11,22–24] have assessed the practicality of solar thermal energy systems 

for industrial process heating applications, but those studies are industry and location 

specific and cannot be used as a general design guideline. Moreover, those studies were 

performed using simulation-based design decision support tools. Such tools are costly, 

require higher computational power, and require technical experience to operate, which 

small and medium manufacturing companies often lack. The possibility of waste heat 

recovery is an important aspect to be considered while designing and assessing the 
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feasibility of solar thermal systems [25], which existing design decision support tools 

do not account for. There is a dearth of simplified and cost-effective design decision 

support tools reported in the literature that have addressed the above-mentioned 

limitations in their cost and energy calculation models.  

1.3. Problem Statement 

Poor understanding of the operational characteristics of solar thermal systems and a 

lack of robust and cost-effective design decision support tools for appraising the merits 

of individual projects has hindered the deployment of solar thermal systems for 

industrial process heating applications. The requirement of cost and technical expertise 

to conduct feasibility assessments has made industry decision makers reluctant towards 

analyzing the possibility of solar thermal in their businesses.  

1.4. Research Objectives 

The overarching goal of this research is to lower the barrier for industrial scale-

deployment of solar thermal energy systems by providing a better design decision 

guidance. To achieve this goal, the following research objectives are pursued within 

this thesis: 

Objective 1: Investigate the operational characteristics of a solar/gas hybrid thermal 

energy system at different heating loads and insolation values that approximate scaled 

process heating requirements of different industrial processes. Identify process heating 

temperatures that might be economically served with solar/gas hybrid heating systems 

based on site insolation characteristics, collector characteristics, and gas prices.     

Objective 2: Identify a solar/gas hybrid heating system configuration that would 

provide optimal system efficiency when operating the system in a combined solar and 

gas heating mode.    

Objective 3: Assist industry analysts in evaluating the feasibility of solar thermal 

energy systems with gas-fired back up heaters by providing an easy to use design 

decision support tool.  

This research will focus specifically on flat-plate solar collectors.  
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1.5. Research Tasks 

To fulfill the research objectives, the following research tasks are undertaken:  

Task 1: Perform a set of designed experiments of a solar/gas hybrid domestic water 

heating system under different modes of heating, temperature lifts, and solar insolation 

values. Subtasks include calculating a) solar collector efficiency, b) gas-fired heater 

efficiency, and c) solar/gas combined system efficiency values using the collected data.   

Task 2: Develop a design decision support tool to assist industry analysts in evaluating 

the feasibility of solar flat-plate collector energy systems in their businesses. Subtasks 

include a) reviewing existing solar thermal performance prediction models in the 

literature and identifying appropriate models, b) developing cost model and collecting 

information to support cost analysis, c) documenting thermal performance prediction 

and cost calculation model in a spreadsheet.   

The use of the decision support tool along with the analysis of several what-if scenarios 

are demonstrated through an example application.  

1.6. Thesis Outline 

Chapter 1 provides motivation and background for this research, along with a problem 

statement and research tasks.  

Chapter 2 provides the background on solar thermal energy systems and presents a 

review of existing literature on experimental investigation of solar flat-plate collectors, 

potential of solar heat for industrial processes, and analysis of solar thermal systems 

for industrial process heating.  

Chapter 3 is a journal article titled, “Investigation of a Solar/Gas Hybrid Water Heating 

System Combined System Efficiency.” This article summarizes the results obtained 

from the experimental study of solar/gas hybrid water heating system under different 

temperature lifts and local insolation values.  

Chapter 4 is a journal article titled, “Technical and Economic Feasibility Assessment 

of Solar Thermal Energy Systems for Small and Medium Manufacturing Enterprises.” 
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This article proposes a methodology to assess the technical and economic feasibility of 

solar flat-plate collector energy systems.  

Chapter 5 summarizes and concludes the research presented in the previous section. It 

also identifies the specific contributions of this research and opportunities for future 

work.   
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Chapter 2. Literature Review 

Solar thermal systems are a simple and cost-effective renewable energy technology for 

harnessing the sun’s energy to generate thermal energy. A solar thermal system 

typically consists of solar energy collectors, a heat exchanger, an energy storage tank, 

and a control system. Solar collectors capture the incident solar radiation and transfer 

it to a working fluid flowing inside the collector tubes. The energy carried by the 

working fluid is either used directly, or used to charge a thermal energy storage tank. 

Because of the diurnal and seasonal variation of solar energy, an auxiliary energy 

source is used in conjunction with solar collectors to provide the backup heating 

whenever the solar energy falls short.  

A flat-plate collector (FPC) is the most common type of solar collector appropriate for 

harvesting solar energy at low fluid temperatures (30 to 80 °C) [26]. As shown in Figure 

2.1, a FPC consists of: a metal box with a transparent glass or plastic cover (glazing) 

that reduces heat loss from the top, a dark-colored flat-plate absorber on the bottom, 

and collector tubes filled with heat transfer fluids [27]. The underside of absorber and 

sides of the metal box are well insulated to minimize heat loss [27].  

 
Figure 2.1: Sketch of a solar flat-plate collector 

Collector glazing is made up of glass or other similar radiation-transmitting materials 

because of their high transmissivity of short-wave radiation and low transmissivity of 

long-wave radiation [27]. Glass with low-iron content has been widely used as the 

glazing material [27] because of its high transmittance of solar radiation (approximately 

0.82-0.87 at normal incidence [28]) and an essentially zero transmittance for long-wave 

thermal radiation (5.0 μm – 50 μm). The collector absorber plate is the heart of the 
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FPC. It absorbs the maximum possible radiation incident through the glazing [27]. The 

thermal performance of an absorber plate depends on its material properties and design 

parameters [29].  

As reported by Duffie and Beckman [26], for steady state operating conditions, the rate 

of useful energy collected by a solar FPC can be calculated using the Hottel-Whillier-

Bliss equation as (Eq. 2.1): 

 𝑞𝑢𝑠𝑒𝑓𝑢𝑙 = 𝐹𝑅𝐴𝐶[𝐼𝑇(𝜏𝛼) − 𝑈𝐿(𝑇𝑖 − 𝑇𝑎)]+ (2.1) 

where 𝐹𝑅 is the collector heat removal factor, 𝐴𝐶  is the collector aperture area value, 𝐼𝑇 

is the average daily solar radiation, 𝑈𝐿 is the collector overall heat loss coefficient, 𝑇𝑖 

is the collector fluid inlet temperature, 𝑇𝑎 is the ambient temperature, and 𝜏𝛼 is the 

product of collector transmittance and absorptance.  

The collector efficiency (η) is the ratio of the useful thermal energy delivered by the 

collector to the usable solar irradiance falling on the collector’s aperture area and is 

expressed as [30] (Eq. 2.2): 

𝜂 = 𝜂𝑜 − 𝑘1

(𝑇𝑖 − 𝑇𝑎)

𝐼
− 𝑘2

(𝑇𝑖 − 𝑇𝑎)2

𝐼
 

(2.2) 

where 𝜂𝑜 is the efficiency when 𝑇𝑖 = 𝑇𝑎, and 𝑘1 and 𝑘1 are the collector heat loss 

coefficient values.  

2.1. Experimental Investigation of Solar Flat-Plate Collectors 

Several standard test procedures have been developed for testing and rating solar 

collectors under steady state and quasi-dynamic test conditions. The most commonly 

used test standards are ASHRAE 93-2003 [31] and EN 12975-2 [32]. Numerous 

experimental studies have been carried out to measure the efficiency of solar FPCs 

following standard test conditions. Anderson et al. [33] performed experiment-based 

study to calculate the thermal performance of a 3.45 m2 commercial FPC using 

ASHRAE 93 standards and found: collector heat removal factor value, 𝐹𝑅𝑈𝐿 of 4.25 W 
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m-2 K-1, maximum collector efficiency value (𝜂𝑜) of 75.2%, and collector heat loss 

coefficient values, 𝑘1 and 𝑘1 equal to 3.046 and 0.01989, respectively.  

Rojas et al. [34] performed experiment and simulation-based study of solar FPCs 

following ASHRAE 93-2003 and EN 12975-2 standards and found that the collector 

thermal parameters, 𝐹𝑅𝑈𝐿 and 𝐹𝑅(𝜏𝛼) obtained by the two test methods showed good 

agreement. Zambolin and Del Col [35] and Osório & Carvalho [36] experimentally 

measured the thermal efficiency of solar FPC under steady-state and quasi-dynamic 

conditions following EN 12975-2 standards.  

However, these standards require experimental data to be collected under prescribed 

environmental conditions which may not necessarily represent the actual operating 

conditions experienced by the solar collectors. For example, a minimum solar radiation 

of 790 and 700 W m-2 is required by the ASHRAE 93 and EN 12975-2 standards, 

respectively, to conduct the thermal efficiency tests [34]. In practice, however, solar 

radiation values fluctuate depending on the climate conditions and time of the day. 

Furthermore, these standards are a test of the solar collector efficiency only, and do not 

account for the efficiency of an auxiliary heating system that would be required in many 

climate regions.  

Some researchers have performed experimental studies of FPCs under real weather 

conditions. Ayompe and Duffy [37] studied the thermal performance of a commercially 

available forced circulation solar water heating system with a 4 m2 FPC array and a 

300 L storage tank in Dublin, Ireland. They monitored the thermal performance of the 

system for a period of one year and found collector efficiency and overall system 

efficiency values of 45.6% and 37.8%, respectively. Michaelides and Eleftheriou [38] 

conducted an experimental study of a domestic solar water heating system with a 3 m2 

flat plate collector and a 68 L storage tank. They monitored the system for a period of 

two years under real weather conditions in Cyprus and found that the annual average 

daily performance of the system was relatively insensitive to solar radiation 

fluctuations ranging from 800 to 1100 W m-2. The effect of fluctuating solar radiation 

was pronounced only in the instantaneous energy and efficiency values.  
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Rodriguez-Hidalgo et al. [39] studied the thermal performance of a 50 m2 FPC array 

located in an experimental solar facility in Madrid, Spain. Experimental data were 

recorded for an entire year at 10-minute intervals, and collected data were used to 

quantify the collector thermal efficiency drop caused by: wind thermal loss, collector 

aging, thermal capacitance, incident angle of irradiation, and radiation losses. The most 

significant collector thermal efficiency drops were due to wind loss (15.7%) and 

collector surface aging (15%). Other collector thermal efficiency drops were: 7.6% 

drop due to variable incident angle of irradiation, 3.2% drop due to variation in thermal 

capacitance, and 1.3% drop due to external radiation losses.  

2.2. Potential of Solar Heat for Industrial Processes 

While more limited than investigation of domestic heating, several studies have 

analyzed the potential of solar industrial process heating for different countries. 

Schweiger et al. [11] determined the potential of solar thermal systems for low (<60 °C) 

and medium-low (60-150 °C) temperature applications in Spain and Portugal. Their 

study found that the highest demand for low temperature heat came from the food and 

beverage industry, making it the most promising manufacturing sector for application 

of solar thermal systems. Other suitable manufacturing sectors were identified as 

chemicals, textiles, paper, and leather industries. Vannoni et al. [40] investigated the 

potential of solar thermal systems in Greece, Belgium, and a few manufacturing sectors 

in Germany. Their study identified chemicals, food and beverage, paper, textiles and 

tobacco industries as the most suitable manufacturing sectors for the application of 

solar thermal systems.  

Kalogirou [10] performed a simulation-based study to investigate the potential of solar 

thermal systems for industrial process heating applications in Cyprus. He identified the 

food and beverage industry as the most promising manufacturing sector for the 

application of solar thermal systems. He further suggested that washing and drying 

processes in general are suitable for the application of solar heat. Vannoni et al. [15] 

studied the potential of solar thermal systems for industrial process heating applications 

in Italy. The available roof and facade area was considered as a design constraint in 

their study. They concluded that around 3.7% of the industrial heat demand in Italy 
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could be met by solar thermal systems and they mentioned chemicals, food and 

beverage, motor vehicles, paper, textiles, tobacco and leather industries as the most 

suitable manufacturing sectors for application of solar thermal systems.  

In the context of the US, a study [41] on the potential of renewable energy technology 

for industrial process heating showed that depending on the specific industry, process 

heating applications accounted for between 35% and 50% of the total energy 

consumption, which can be met by renewable energy technologies. The study further 

suggested that manufacturing process such as water heating, cooking, pressurization, 

sterilization, and bleaching are well-suited for application of solar thermal systems.  

Kurup and Turchi [42] studied the potential of solar thermal systems for industrial 

process heating in California, US. Their study focused on food, paper, petroleum, 

chemicals, and primary metals manufacturing industries. They compared the cost of 

energy from solar-thermal collectors with the cost of energy from natural gas in 

California, and concluded that solar industrial process heating systems can be cost-

effective, even when the price of natural gas is low. They further recommended to 

identify pilot projects to promote deployment of solar process heating systems.  

2.3. Analysis of Solar Thermal Systems for Industrial Process Heating 

Regarding the feasibility analysis of solar thermal energy systems for industrial process 

heating applications, some studies have been performed in the past for different 

countries or climate regions. Kalogirou [10] analyzed the viability of a number of solar 

collector technologies with respect to life-cycle cost savings and energy yield for 

industrial process heating applications in Nicosia, Cyprus. Using TRNSYS (TRNSYS, 

the Transient System Simulation Tool [43], is one of the most commonly used software 

packages to simulate the behavior of solar thermal systems) simulations, a range of 

annual average energy collection of 550 to 1100 kWh m-2 was obtained for an 

industrial application where 2000 kg hr-1 of hot water was needed in a temperature 

range of 60 to 240 °C. 

Schweiger et al. [11] performed a simulation-based study to estimate annual collector 

yields for a variety of solar process heat applications in Spain and Portugal. Their study 
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concluded that the size limitation of solar collectors in most cases is due to the available 

roof and ground area. They also concluded that the decision for implementation of solar 

thermal systems is mainly driven by the actual cost savings offered over the lifetime.   

Aidonis et al. [14] presented design guidelines for solar thermal plants in industrial 

heating. They stated that for industrial processes to be suitable for integration of solar 

thermal systems, the thermal loads should last for at least 75% of the time throughout 

the year and must include summer months. They recommended that a solar fraction 

range of 10 to 50% would be feasible based on the space restrictions for collector 

installation and the total system installation cost. Additionally, they recommended 

using a rule of thumb of 50 L m-2 collector area to dimension the storage tank.  

Benz et al. [44] performed TRNSYS simulations to design a solar thermal system for a 

bottle washing machine in a brewery and for a spray dryer in a dairy in Germany. Their 

study found that the efficiency of solar collectors for industrial process heating is 

comparable to the efficiency of solar collectors for domestic water heating. Eskin [45] 

performed experimental and simulation-based studies of a solar process heating system 

at a textile plant in Turkey. Cotrado et al. [22] performed simulations to predict the 

lifetime performance of a solar process heating system in a meat plant in Austria. They 

found that the solar thermal system provided approximately 475 MWh heat annually.  

El Mkadmi and Wahed [23] performed TRNSYS simulations to study the performance 

of solar thermal systems in a dairy industry under three different climatic conditions: 

Cyprus, France, and Morocco. The average daily heat demand was assumed to be 277 

kWh. Their study found that 89%, 76%, and 94% of the total heating load was met by 

a solar thermal system for Cyprus, France, and Morocco, respectively.  

2.4. Synthesis and Contribution 

A review of existing literature on the experimental study of solar FPCs (shown in Table 

2.1) found that most existing studies are based on solar FPCs with an electric immersion 

heater as the auxiliary energy source.  
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Table 2.1: Summary of existing experimental studies on solar FPCs.  

Author Type of Study Findings Limitations 

Rojas et al. 

[34] 

Efficiency 

investigation of 

solar FPCs 

following 

ASHRAE 93-2003 

and EN 12975-2 

standards 

Collector thermal 

parameters, 𝐹𝑅𝑈𝐿 

and 𝐹𝑅(𝜏𝛼) 

obtained by the 

two test methods 

showed good 

agreement 

- Data obtained from 

standard test methods do 

not necessarily represent 

real life operating 

conditions  

- Did not account for 

efficiency of backup 

heating systems  

Zambolin 

and Del Col 

[35] 

Efficiency 

investigation of a 

solar FPC under 

quasi-dynamic 

conditions 

following EN 

12975-2 standards 

Reported 

collector 

efficiency, annual 

average energy 

collection, and 

collector thermal 

losses values 

- Data obtained do not 

necessarily represent real 

life operating conditions  

- Did not account for 

efficiency of backup 

heating systems  

Ayompe and 

Duffy [37] 

Efficiency study of 

a domestic solar 

FPC under real 

weather conditions 

Reported 

collector 

efficiency, annual 

energy collection, 

and collector 

losses values 

- Collector efficiency 

was calculated for only a 

single heating load 

(20 °C to 60 °C) 

- Experimental study 

used electric resistance 

backup heating system. It 

did not consider gas-fired 

backup heaters.  

Rodriguez-

Hidalgo et al. 

[39] 

Efficiency study of 

a 9-year load solar 

FPC under real 

weather conditions 

Quantified 

thermal efficiency 

drops: 15.7% 

efficiency drop 

was due to wind 

loss and 15% was 

due to collector 

surface aging  

- Experimental study 

used electric resistance 

back up heating system. 

It did not consider gas-

fired backup heaters.  

 

Electric resistance heaters are 100% efficient [46], meaning all the input electric energy 

is converted into heat and supplied to the load. This conversion efficiency is not 

dependent on the temperature of the heated load. Since the efficiency of electric heating 

is constant, it is straightforward to predict the cost and energy of the required auxiliary 

energy when the solar fraction is known.  
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Unfortunately, electric resistance auxiliary heating systems are uncommon in solar 

industrial process heating applications. Since direct-fired gas burners are the most 

commonly used heating systems for process heat generation in manufacturing 

industries, most industrial solar thermal process heating systems would likely 

implement natural gas fired heaters for auxiliary heating (a solar/gas hybrid system). 

However, previous studies [20,21] have shown that gas-fired heating systems are 

inherently less efficient when heating high temperature fluids. With gas-fired heating 

systems, the input to load conversion efficiency varies depending on the amount of heat 

transferred in the heat exchanger, which is directly impacted by the temperature 

difference between the cold fluid (combustion gases) and the hot fluid (process fluid).  

In a solar/gas hybrid heating system where the solar collector is used in conjunction 

with a gas-fired heater, the partial heating of process fluid provided by solar input 

reduces the log-mean temperature difference (LMTD) value for the gas heater, 

reducing the efficiency of the gas burner. Therefore, lower overall system efficiency 

than expected may be observed while running a solar/gas hybrid heating system in a 

combined solar and gas mode. Since this efficiency varies depending on the amount of 

pre-heating provided by the solar input, it is challenging to accurately predict the actual 

cost and energy savings offered by a solar/gas water heater. To accurately appraise the 

merits of solar thermal systems, it is necessary to reflect the effect of this efficiency 

variation in cost and energy savings calculation models.  

Research studies reported in the literature have not addressed this efficiency variation 

issue caused in a solar/gas hybrid system while running in a combined solar and gas 

mode. Thus, to address this deficiency, a set of designed experiments were performed 

at Oregon State University. The thermal performance of a commercial solar/gas water 

hybrid water heating system with a 6.44 m2 flat plate solar collector array and a 22.3 

kW natural gas burner were measured under different modes of heating, temperature 

lifts, and solar insolation values. The system was operated under three different modes 

of heating: solar only, gas only, and combined solar/gas mode. Using the collected data, 

the efficiency value for each mode was calculated and is reported in Chapter 3 of this 

thesis. The efficiency reduction trend of gas-fired heating system when operating in 
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conjunction with solar collectors was calculated and is also reported in Chapter 3. 

Based on the experimental efficiency results, a potential configuration of solar/gas 

hybrid system that would provide optimal efficiency for the combined solar and gas 

mode of heating is suggested. 

A review of existing literature on solar thermal for industrial process heating showed 

that solar thermal energy systems can economically provide low temperature industrial 

process heat, while providing external benefits such as reduced reliance on fossil fuels 

and reduced emissions. Hence, manufacturing industries should start making informed 

decisions on the deployment of solar thermal technologies in their businesses. 

However, there is lack of reliable site-specific information required for appraising the 

merits of individual projects. Some studies in the past have analyzed the economic 

feasibility and long-term performance of solar industrial process heating systems. 

Those analyses, however, are industry-specific and are not applicable as a general 

design guideline.  

Further, most of the existing feasibility assessment tools are simulation-based. Such 

simulation-based tools are expensive, require computational speed, and most 

importantly, require significant technical knowledge to operate. As mentioned-before, 

most of these tools often do not account for efficiency variation of back up gas heating 

system that occurs when operated in conjunction with solar collectors. Another 

limitation of existing feasibility assessment tools is that such tools, in their cost 

calculation model, do not consider the possibility of waste heat recovery options that 

might occur within an industrial facility. Hence, there is a need for a robust and cost-

effective decision support tools to help industry analysts quickly and accurately design 

and assess the feasibility of solar thermal energy system in their businesses.  

To address this issue, a simplified and cost-effective design decision support tool to 

assist industry analysts in evaluating the feasibility of solar flat-plate collector energy 

systems for industrial process heating was developed and is presented in Chapter 4 of 

this thesis. The tool allows for several what-if scenarios analyses that can be explored 

to identify feasible solar thermal system designs. A cost calculation model is 

developed, which enables the identification of a combination of solar flat-plate 
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collectors, a natural gas heating system, and a waste-recovery preheating system with 

lowest possible total cost. A sensitivity analysis is imbedded within the tool, which 

enables the quantification of uncertainties associated with input factors on the savings 

to investment ratio (SIR). An example application is presented to demonstrate the 

application of the tool.   
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CHAPTER THREE: INVESTIGATION OF COMBINED EFFICIENCY FOR A 

SOLAR/GAS HYBRID WATER HEATING SYSTEM  
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Chapter 3. Investigation of Combined Efficiency for a Solar/Gas 

Hybrid Water Heating System 

3.1. Abstract 

In climate regions with large seasonal variations in solar radiation, such as the Pacific 

Northwest, a solar energy collector might not economically satisfy year-round 

domestic water heating demands, requiring an auxiliary unit, such as a natural gas-fired 

water heater. Previous studies have shown that the burner efficiency of a gas-fired 

water heater varies depending on the log-mean temperature difference between the cold 

fluid (water) and hot fluid (combustion gases). In a solar/gas hybrid water heating 

system where the solar collector is used in conjunction with a gas-fired heater, the 

partial heating of water provided by solar input reduces the log-mean temperature 

difference value for the gas heater, reducing the efficiency of the gas burner. Since this 

efficiency reduction varies depending on the amount of pre-heating provided by solar 

energy input, it is difficult to accurately predict the actual cost and energy savings 

offered by a solar/gas hybrid water heater. Hence, to predict the actual energy and cost 

savings under various design conditions, the performance of solar/gas hybrid systems 

must be better understood.  

The purpose of this work is to experimentally determine the thermal performance of a 

solar/gas water hybrid water heating system with a 6.44 m2 flat plate solar collector 

array and a 22.3 kW natural gas burner in Corvallis, Oregon. Under different 

temperature lifts and solar insolation values, the system was operated at three different 

modes of heating: solar, gas, and combined solar/gas mode. The overall system thermal 

efficiency value for each mode is calculated. The efficiency of the collector heating 

system was found to be 41.97%, 39.82%, and 35.05% at starting water temperature of 

20, 30, and 51.5 °C, respectively. For starting water temperatures of 20, 30, and 

51.5 °C, the efficiency of gas burner was found to be 69.2%, 66.4%, and 65.5% at the 

HHV and 76.7%, 73.6%, and 72.6% at the LHV of natural gas, respectively.  In the 

combined solar/gas heating mode, the efficiency of the gas burner decreased with 

increasing solar fraction. For solar fractions of 4.93%, 9.40%, 11.39%, and 14.27%, 

the efficiency of the gas burner in terms of the HHV of natural gas was found to be of 
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69.08%, 66.80%, 66.17%, and 65.18%, respectively. Based on the experimental results, 

a configuration that would provide higher overall system efficiency for combined 

solar/gas heating is suggested.  

3.2. Introduction 

Water heating accounts for approximately 18% of the total residential energy 

consumption in the United States [47]. Historically and currently, the water heater 

market in the US has been dominated by traditional gas-fired and electric resistance 

storage type and tankless water heaters [48]. A breakdown of US residential water 

heating energy use indicates that approximately 48% of households use natural gas, 

while approximately 45% use electricity for water heating [49]. With the increasing 

concerns of carbon emissions and other environmental impacts associated with the 

extraction and use of fossil fuels, there is interest in developing renewable energy 

sources for domestic water heating.  

Solar water heating systems (SWHS) are a simple and cost-effective renewable 

technology for harnessing the sun’s energy to generate hot water. The main components 

of a typical SWHS are a solar collector, a hot water storage tank, and a control system. 

The operating principle is that the solar collector absorbs the incident solar radiation 

and transfers the energy to a working fluid (water or solar fluid) flowing inside the 

collector tubes. The heated working fluid can be used either directly in the form of hot 

water, or to charge a thermal energy storage tank from where energy can be drawn for 

use later. A flat-plate collector (FPC) is the most common type of solar collector used 

for harvesting solar energy at relatively low fluid temperatures [26], and has seen 

commercial application around the world. It consists of a selective flat plate absorber 

covered by a transparent glass or plastic cover (glazing) to reduce heat loss from the 

top surface, tubes to circulate the heat transfer fluid within the body of the collector, 

and insulation to minimize heat losses from the sides and bottom surface of the absorber 

plate [26].   

The percentage of water heating energy required by a household that is provided by the 

solar collectors is quantified in terms of solar fraction. For a given collector area, solar 

fraction varies primarily with the amount of incident solar radiation [30]. Due to the 
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diurnal and seasonal variation of available solar energy, an auxiliary heating source is 

generally necessary to provide backup heating whenever solar energy fails to meet the 

energy demand [26]. Electric resistance heaters are the most commonly used backup 

energy source.  

Numerous experimental studies have been carried out over the years to analyze the 

thermal performance of FPC solar water heating systems under steady-state and quasi-

dynamic test conditions following EN 12975-2 [32] and ASHRAE 93-2003 [31] 

standards, among others. For example, Rojas et al. [34] and Anderson et al. [33] studied 

the thermal performance of FPCs under steady-state conditions following the ASHRAE 

standard, while Zambolin and Del Col [35] and Rodriguez-Hidalgo et al. [50] measured 

the thermal efficiency of FPCs under steady-stated and quasi-dynamic state following 

the EN standard. However, these standards require experimental data to be collected 

under prescribed environmental conditions which may not necessarily represent the 

actual operating conditions experienced by the solar collectors. For example, a 

minimum solar radiation of 790 and 700 W m-2 is required by the ASHRAE 93 and EN 

12975-2 standards, respectively, to conduct the thermal efficiency tests [34]. In 

practice, however, solar radiation values fluctuate depending on the climate conditions 

and time of the day. Further, these standards are a test of the solar collector efficiency 

only, and do not account for the efficiency of an auxiliary heating system that would 

be required in many climate regions. Some researchers have performed experimental 

studies of FPCs under real weather conditions. Rodriguez-Hidalgo et al. [39] carried 

out an experimental study to evaluate the performance of a 50 m2 FPC for domestic hot 

water heating and cooling application in Madrid, Spain. Using the collected data, they 

quantified the sensitivity of instantaneous thermal performance of solar collectors to 

the following factors: wind thermal loss, collector aging, thermal capacitance, 

irradiance incidence angle, and radiation loss.   

Michaelides and Eleftheriou [51] studied the thermal performance of a solar water 

heating system utilizing a 3 m2 FPC and 68 L storage tank under real weather conditions 

in Cyprus over a two-year period, and found that the annual average daily performance 

of the system was relatively insensitive to solar radiation fluctuations ranging from 800 
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to 1100 W m-2. The effect of fluctuating solar radiation was pronounced only in the 

instantaneous energy and efficiency values. Ayompe and Duffy [37] experimentally 

measured the thermal performance of a solar water heating system with 4 m2 FPCs 

located in Dublin, Ireland and reported an annual average daily solar fraction of 32.2%, 

collector efficiency of 45.6%, and overall system efficiency of 37.8%.  In all above-

mentioned studies, an electric immersion heater was used as the auxiliary energy 

source. Electric resistance heaters are 100% efficient [46], meaning all the input electric 

energy is converted into heat and supplied to the water. This conversion efficiency is 

not dependent on the temperature of the heated water. Since the efficiency of electric 

heating is constant, it is straightforward to predict the cost and energy of the required 

auxiliary energy when the solar fraction is known. However, with natural gas-fired 

water heating systems, the efficiency varies depending on the amount of heat 

transferred in the heat exchanger, which is directly impacted by the temperature 

difference between cold fluid (water) and hot fluid (combustion gases).  

Presently, the cost of natural gas in the US is below the cost of electricity on a kWh-

to-kWh basis [18], making natural gas backup an attractive option in terms of auxiliary 

energy cost. Furthermore, depending on the feedstock energy source for generating 

electricity, there may be advantages from carbon emissions and primary energy 

consumption perspectives in obtaining auxiliary heating directly with gas [19]. 

However, previous studies [21,52,53] have shown that efficiency of gas-fired water 

heaters decreases with increasing inlet water temperature. With an increase in inlet 

water temperature, the temperature driving force between the combustion gases and 

tank water decreases, reducing the heat transfer rate. In a solar/gas hybrid water heating 

system where the solar collector is used in conjunction with a gas-fired heater, the 

partial heating of process fluid provided by solar input reduces the log-mean 

temperature difference (LMTD) value for the gas heater, reducing the efficiency of the 

gas burner. Therefore, lower overall system efficiency than expected may be observed 

while running a solar/gas hybrid water heating system in a combined solar/gas mode. 

Since this efficiency varies depending on the amount of pre-heating provided by solar 

input, it is challenging to accurately predict the actual cost and energy savings offered 

by a solar/gas water heater.   



 

22 

 

Hence, to predict the actual energy and cost savings under various design conditions, 

the performance of solar/gas hybrid systems must be better understood. The objective 

of this work is to experimentally determine the thermal performance of a commercial 

solar/gas water hybrid water heating system with a 6.44 m2 flat plate solar collector 

array and a 22.3 kW natural gas burner under actual operating conditions. The system 

was operated at three different modes of heating: solar only, gas only, and combined 

solar/gas modes for different temperature lifts and solar insolation values. Efficiency 

values for each mode were calculated. Based on the experimental efficiency results, 

potential configurations that would provide optimal efficiency for the combined 

solar/gas mode of heating are suggested. 

3.3. Experimental Setup and Data Reduction Methods 

3.3.1. Experimental Setup 

An active closed loop hybrid solar thermal water heating system (STWHS) installed on 

a campus building at Oregon State University in Corvallis, Oregon (44.56° N, 123.27° 

W), provides the basis for this experimental study. The STWHS consists of 6.44 m2 

FPC array, a 265 L hot water storage tank, a pump with maximum flow rate of 0.63 

L/sec, and a commercial control unit.  

The collector array consists of three Schüco Slim V Plus FPCs connected in series; 

each FPC has a gross area of 2.32 m2 and an aperture area of 2.148 m2. The collectors 

face south and are inclined at 45 degrees. As stated by the manufacturer, each collector 

has an optical efficiency, or “zero loss efficiency,” rating of 76.7%. The collector heat 

loss coefficient values, k1 and k2, are defined to be 3.71 and 0.016 W m-2 K-1, 

respectively. The absorber plate is made up of copper tubes covered with a high 

selectivity coating that has short-wave absorptivity of 95% and long wave emissivity 

of 5%. Each collector is covered by a 4-mm thick low iron glazing of 91% 

transmittance. The sides and bottom surface of the collectors are insulated with mineral 

wool insulation (20 mm thick). The maximum operating temperature and pressure of 

the collectors are 120 °C and 10 bars, respectively.  
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The storage tank is a Schüco S WW 70-1GPN model, made up of stainless steel. It is 

equipped with an auxiliary 22.27 kW natural gas burner, which has a specified 

efficiency rating of 80% at lower heating value. The tank contains an immersed solar 

heating coil that allows heat transfer between the solar fluid and potable water. The 

solar coil has heat transfer surface area of 1.31 m2. Non-CFC foam insulation (50.8 mm 

thickness) covers the sides and the top of the tank.  

  

 
Figure 3.1: Schematic diagram of the experimental setup 

A schematic diagram of the experimental setup is reported in Figure 3.1. A solution of 

water and propylene glycol (40% propylene glycol by mass) is used as the heat transfer 

fluid to provide freeze protection during colder months. The glycol water mixture is 

pumped through the FPC array, where it absorbs the incoming solar energy. The hot 

glycol water mixture then passes through the solar heating coils inside the storage tank 

where it exchanges heat with the tank water. 

The natural gas burner is used to raise the tank temperature whenever the solar energy 

is insufficient to heat the tank to the required temperature of 60±0.5 °C. The hot water 

draw-off system consists of four solenoid valves that run parallel to each other, each 

with a different flow restrictor. The array of valves can be actuated in different 

combinations to achieve 15 distinct flowrates ranging from 0.94 to 16 liters per minute. 
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This arrangement provides the capability to simulate actual residential hot water draws. 

The opening and closing operation of the valves is controlled by a program written in 

LabVIEW software. 

3.3.2. Instrumentation 

The STWHS is equipped with a HOBO U30 station for monitoring and data logging 

sensors at a specific time interval. The station is configured with 14 data channels via 

a plug-in modular connector. The following system parameters are data logged: global 

solar radiation, collector outlet temperature, temperatures of glycol water mixture at 

the inlet and outlet of the solar coil, water temperatures at the top and bottom of the 

storage tank, cold water (building) inlet temperature, delivered hot water exit 

temperature, volumetric flow rate of glycol water mixture, and volumetric flow rate of 

natural gas.  

The operation of the solar glycol loop is controlled by a Schüco IM TH3001 DeltaSol 

solar controller. The controller has a semiconductor relay which controls the operation 

of the solar pump based on the temperature difference between the solar fluid exiting 

the collector and water inside the storage tank. Three Pt1000 temperature sensors are 

connected to the solar controller to measure collector temperature, temperature of water 

at the top of the storage tank, and temperature of water at the bottom of the storage 

tank. A summary of all instruments data logged is provided in Table 3.1.  

The circulating water glycol loop has a flow sensor that emits one pulse per gallon flow 

of glycol. Each pulse is sent to and recorded using the HOBO unit. Similarly, the AC-

250 diaphragm gas meter is connected to the HOBO unit by a S-UCC-M006 pulse input 

adaptor. For each cubic foot of natural gas consumed, a pulse is sent to and recorded 

by the HOBO unit.  
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Table 3.1: Summary of measuring instruments.  

Parameter 

measured 

Sensor type Sensor make/model Measurement 

uncertainty 

Glycol supply 

temperature 

Thermistor METRIMA SVM TDA ±0.15% 

(±0.02 °C)  

Glycol return 

temperature 

Thermistor METRIMA SVM TDA ±0.15% 

(±0.02 °C) 

Tank water inlet 

temperature 

Thermistor ONSET S-TMB-M002 ±0.2 °C for  

0 to 50 °C 

Hot water exit 

temperature 

Thermistor ONSET S-TMB-M002 ±0.2 °C for  

0 to 50 °C 

Solar radiation Pyranometer S-LIB-M003 ±5%  

(±10 W m-2) 

Volumetric flow 

rate of glycol 

- METRIMA SVM F2 ±0.35% 

Natural gas flow 

rate 

Diaphragm 

meter 

AC-250 - 

 

All sensors were sampled at a 10-second interval. Physical properties of fluid, such as 

density and specific heat capacity were calculated at the corresponding fluid 

temperature. Energy and system efficiency values were calculated using the 

instantaneous experimental data collected under the outdoor conditions. To smooth the 

short-term fluctuations of the collected data, a 25-minute rolling average of the 

measured values was used in the data analysis.  

3.4. Performance Metrics 

As noted above, system performance data were collected for three different modes of 

operation: solar energy mode, natural gas energy mode, and hybrid (solar and natural 

gas) mode. The following performance metrics were calculated: energy delivered to 

the water tank, solar fraction, collector system efficiency, gas burner efficiency, and 

hybrid system efficiency, as described below.  
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3.4.1. Solar Mode of Operation 

In the solar mode of operation, water inside the storage tank is heated using solar energy 

only. The rate of useful energy delivered by the solar fluid to the storage tank is 

calculated as [26] (Eq. 3.1): 

 

�̇�𝑑 = �̇�𝐶𝑝,𝑔(𝑇𝑓𝑖 − 𝑇𝑓𝑜) (3.1) 

The collector system efficiency is calculated as shown in Eq. 3.2 [26]. This efficiency 

includes not only the efficiency of the collector itself, but also heat losses between the 

collector and storage tank, and the effectiveness of the solar heat exchanger located 

inside the storage tank. 

 
𝜂𝑠 =

�̇�𝐶𝑝,𝑔(𝑇𝑓𝑜 − 𝑇𝑓𝑖)

𝐴𝑐𝐺𝑡
 

(3.2) 

3.4.2. Natural Gas Mode of Operation 

In this mode of operation, water inside the tank is heated using natural gas energy. As 

reported by Aldrich [54], the burner efficiency (given by Eq. 3.3) is defined as the ratio 

of energy gained by the storage tank to the total natural gas energy supplied.  

  
𝜂𝑏𝑢𝑟𝑛𝑒𝑟 =

𝑚𝐶𝑝,𝑤(𝑇𝑖𝑛𝑖 − 𝑇𝑓𝑖𝑛)

𝑉𝑔𝑎𝑠 ∗ 𝐻𝑉
 

(3.3) 

In this study, efficiency values are presented for both the higher and lower heating 

values of natural gas.  

3.4.3. Hybrid Mode of Operation 

In the hybrid mode of operation, water inside the storage tank is heated using both solar 

and natural gas energy. Solar fraction is defined as the ratio of the amount of energy 

provided by solar collector to the total energy required for water heating. It is calculated 

as [30] (Eq. 3.4): 
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𝑓 =

𝑄𝑠𝑜𝑙𝑎𝑟

𝑄𝑠𝑜𝑙𝑎𝑟 + 𝑄𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦
 

(3.4) 

The rate of energy provided by solar collector was calculated using Eq. 3.1. The total 

solar heating time then multiplied this energy rate to calculate the total amount of solar 

energy delivered. The amount of auxiliary energy provided by gas heater was 

calculated by subtracting the energy delivered by solar collector from the total energy 

required for water heating.  

3.4.4.  Uncertainty Analysis 

Experimental errors are unwanted but an inherent problem in an experimental data 

collection process. Experimental uncertainty due to calibration error, data recording 

error, and unsuitable instrument error might lead to misleading results. To reduce the 

effect of such experimental errors, each experiment was repeated four times. 

Uncertainty of all indirectly calculated values is reported following NIST guidelines 

[55], as discussed below.  

In many cases, the desired result of a physical experiment is not directly measured but 

is derived using one or more directly measured variables. For example, the efficiency 

of the collector heating system, as shown in Equation 3.2, is not directly measured but 

is derived using directly measured values of mass flow rate, glycol inlet and exit 

temperature, and solar radiation. If a physical quantity Y is a function of n variables, 

X1, X2,…, Xn that are measured separately, the value of indirectly measured quantity 

Y can be calculated as [55] (Eq. 3.5): 

 𝑌 = 𝑓(𝑋1, 𝑋2, … 𝑋𝑛) (3.5) 

Assuming the measured variables (X1, X2…, Xn) as uncorrelated and random, the 

combined uncertainty of the derived quantity Y can be calculated as [55] (Eq. 3.6): 
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𝑈𝑌 = √∑ (
𝜕𝑦

𝜕𝑥𝑖
)

2

𝑈𝑋𝑖

   2   

𝑛

𝑖=0

 (3.6) 

where (
𝜕𝑦

𝜕𝑥𝑖
) represents the partial derivative of the function 𝑓(𝑋1, 𝑋2, … 𝑋𝑛) with 

respect to the variable 𝑋𝑖 and 𝑈𝑋𝑖

    represents the standard deviation of the measured 

variable 𝑋𝑖. Using this uncertainty propagation method, the uncertainty of derived 

variables, efficiency of collector, and gas-heater efficiency are calculated using built in 

capabilities of Engineering Equation Solver software [56] and reported in the following 

sections.    

3.5. Results and Discussions 

3.5.1. Solar Only Heating Mode 

The efficiency of the solar collector heating system was measured at three initial tank 

temperatures of 20, 30, and 51.5 °C. The final temperature in all cases was 60 °C. These 

three cases are intended to simulate system performance for a full tank discharge and 

reheat (∆T = 40 °C), recovery from a larger draw (∆T = 30 °C), and recovery from a 

small draw or standby losses (∆T = 8.5 °C). A summary of the results of the solar tests 

is shown in Table 3.2. Using the uncertainty propagation discussed above, the 

maximum uncertainty in the calculated efficiency was ±0.09%. 

Table 3.2: Summary of solar tests 

Initial Tank 

Temperature 

(±0.2 °C) 

Range of Incident 

Solar Flux  

(±10 W m-2) 

Number of 

Experiments 

Run 

Range of Time 

to Heat Tank 

(hrs.) 

Range of 

Overall 

Efficiency (%) 

20.0 780 to 860 4 5.07 to 6.45 41.8 to 43.2 

30.0 916 to 935 4 3.72 to 4.53 38.9 to 40.5 

51.5 862 to 926 4 1.15 to 2.45 34.9 to 35.2 

 

Figure 3.2 shows the solar radiation, mass flow rate of glycol, temperature difference 

between the glycol inlet and outlet temperature in the in-tank solar coil, tank water 

temperature, and collector heating system efficiency curve for a typical summer day 

(8/22/2017) with the storage tank initially at 20 °C. Data is presented with a 25-minute 
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rolling average applied. In this experimental run, it took approximately 6.32 hours to 

heat the tank water to the required temperature of 60 °C. The measured average solar 

radiation for the period of the experiment was 780 W m-2. Depending on the intensity 

of solar radiation and the temperature of the water glycol fluid, the solar fluid mass 

flow rate varied between 42.5 and 63.7 g s-1, with an average mass flow rate of 58.7 g 

s-1. The average temperature difference between the glycol water mixture at the inlet 

and outlet of the tank solar coil was 10.15 °C.  The average efficiency of the collector 

heating system (defined by Eq. 3.2) was found to be 41.83 %. The average efficiency 

is defined as the sum of all instantaneous (at every 10-second interval) efficiencies 

divided by the total number of data points during the solar heating time.   

During the first few minutes of the test, the pump circulated the stagnant glycol water 

mixture, which had been preheated in the collector loop to a high temperature, to the 

water storage tank. This resulted in a larger than expected solar fluid temperature 

difference (delta t, Tfo − Tfi) in the first few minutes of the test and the unusual spike 

at the beginning of the efficiency curve shown in Figure 3.2. Once the stagnant glycol 

water mixture was fully circulated, the solar fluid temperature difference value became 

stable and representative of the instantaneous solar radiation.  

According to Eq. 3.2, for a constant mass flow rate, instantaneous efficiency of a 

collector heating system depends on the solar fluid temperature difference and solar 

radiation. The effect of solar radiation on the collector system efficiency curve can be 

seen in Figure 3.2. It is seen that as the solar radiation value decreases, the collector 

system also decreases.  



 

30 

 

 
Figure 3.2: Collected sensor data and calculated efficiency values for a typical 

summer day (25-minute rolling average) 

For steady-state operating conditions, the useful energy collected by an FPC under a 

near-normal incidence angle of solar radiation is calculated using Hottel-Whillier-Bliss 

equation as reported by Duffie and Beckman [26] (Eq. 3.7): 

 𝑄𝑢 = 𝐹𝑅𝐴𝑐[𝐺𝑡(𝜏𝛼) − 𝑈𝐿(𝑇𝑖 − 𝑇𝑎)] (3.7) 

As per Eq. 3.7, an FPC would collect the maximum possible energy if the temperature 

of fluid entering the collector (𝑇𝑖) were always at a minimum possible temperature, or 

in other words, if the term (𝑇𝑖 − 𝑇𝑎) in Eq. 3.7 was close to zero. However, the 

temperature of fluid entering the collector is not a design variable and cannot be 

controlled [57]. If we assume negligible piping heat losses and efficient heat exchange 

between the solar fluid and water, the collector fluid inlet temperature will be nearly 

equal to the storage tank temperature [57]. As the collector fluid inlet temperature 

increases, the collector heat loss value increases and, hence, less energy is collected. 

Moreover, in real life operating conditions, we cannot assume a constant heat transfer 

rate between solar fluid and water will occur. With an increase in tank water 

temperature and an approximately constant collector outlet temperature, the LMTD 

between solar fluid and tank water decreases, reducing the rate of heat exchange 
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between solar fluid and tank water. As a result, the efficiency of the solar heat 

exchanger decreases. For these two reasons, the efficiency of solar collector heating 

decreases with an increase in tank water temperature. This efficiency reduction was 

experimentally observed.   

Figure 3.3 shows the average daily efficiency of the solar collector heating system for 

all four tests at different initial tank water temperatures and a final tank temperature of 

60 °C. Taking into consideration that the average collector efficiency does not change 

significantly with change in solar radiation for a solar radiation range of 800 to 1100 

W m-2, it is seen that the efficiency of the collector heating system decreased with 

increase in tank water temperature. The efficiency of the collector heating system in 

completely heating water to 60 °C was found to be 42.01±0.09%, 39.82±0.08%, and 

35.05±0.07% at initial water temperatures of 20±0.2, 30±0.2, and 51.5±0.2 °C, 

respectively. The reduction in efficiency with increasing inlet water temperature was 

expected and agrees with the trends cited in literature. Similar efficiency trends in terms 

of collector fluid inlet temperature were reported by You and Hu [58] and Celuppi et 

al [59].  

 
  

Figure 3.3: Collector system efficiency at different tank water temperatures 
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3.5.2. Natural Gas Burner Efficiency at Different Starting Temperatures 

Using natural gas only, the tank water was heated to a final temperature of 60 ± 0.2 °C 

from three different inlet temperatures. Using Eq. 3.3, the efficiency of the gas burner 

was calculated and reported in terms of higher heating value (HHV) and lower heating 

value (LHV) of natural gas. The higher and lower heating values of natural gas used in 

the calculation were 52.225 and 47.141 MJ kg-1, respectively [60].  The efficiency of 

the gas burner was found to be 69.20±0.14%, 66.41±0.13%, and 65.51±0.12% for HHV 

and 76.15±0.15%, 73.59±0.14%, and 72.60±0.14% for LHV for starting water 

temperature of 20, 30, and 51.5 ±0.2 °C, respectively.  

The rate of heat transfer between combustion gases and tank water in a typical gas-

fired water heater is given by: 

 �̇�𝑡 = 𝑈𝐴 × 𝐿𝑀𝑇𝐷 (3.8) 

where LMTD is the logarithmic average of the temperature difference between water 

and combustion gases. For constant values of U and A, the larger the LMTD, the larger 

is the heat transfer rate.  

Figure 3.4 shows the relationship between the gas burner efficiency and starting tank 

water temperature. It is seen that the efficiency of the gas burner is highest at an initial 

temperature of 20 °C and, as expected, decreases with increasing initial tank water 

temperature. As the tank water temperature increases, the temperature difference 

between the cold side (tank water) inlet temperature and hot side (combustion gas) exit 

temperature decreases. As a result, the temperature driving force of the heat exchanger 

(LMTD) decreases, decreasing the rate of heat transfer between combustion gases and 

water, and, hence, reducing the gas burner efficiency.  

This efficiency reduction trend was expected and agrees with the trends cited in 

literature. For the same range of tank water temperature, similar efficiency reduction 

trends were reported by Maguire [53] and Makaire and Ngendakumana [21]. Other 

studies [52,61] reported the similar behavior for condensing gas boilers in terms of 
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return water temperature, and have suggested reducing the return water temperature to 

below 54 °C to achieve more favorable performance.  

 
  

Figure 3.4: Natural gas burner efficiency for three different tank water temperatures 

3.5.3. Combined Solar and Natural Gas 

In the hybrid mode of heating, tank water initially at 20±0.2 °C was heated to 60±0.2 °C 

using both solar and natural gas energy, simultaneously. Four different solar radiation 

values representative of typical summer weather conditions in Corvallis, Oregon were 

used to analyze the performance of the hybrid solar/gas heating system. They consisted 

of heavily clouded sky (8/24/2017, 11:37 am to 12:34 pm), overcast sky (8/16/2017, 

3:57 pm to 4:49 pm), clear sky (8/17/2017, 12:04 pm to 12:54 pm), and intermittent 

cloud covered sky (8/14/2017, 1:30 pm to 2:05 pm).   

The solar radiation measurements during the tests were 489±10 W m-2 on the heavily 

clouded day, 616±10 W m-2 on the overcast day, 973±10 W m-2 on the clear sky day, 

and 787±10 W m-2 on the intermittent cloud covered day. Figure 3.5 shows the solar 

fraction and natural gas contribution at these solar radiation values. It is seen that with 

increasing solar radiation, a larger solar fraction is achieved, and, hence, less natural 

gas energy is required. 
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Figure 3.5: Solar fraction at different solar radiation values 

However, as the solar fraction increases and the energy contributed by natural gas 

decreases, the efficiency of the gas burner also decreases. This occurs in the hybrid 

heating mode because the temperature of water in the tank increases due to the partial 

heating provided by the solar input. As a result, the temperature driving force, LMTD, 

for the gas burner becomes is reduced and the rate of heat exchange between the 

combustion gases and tank water decreases. The overall efficiency of the gas burner at 

different solar fraction values is shown in Figure 3.6. Based on the higher heating value 

of natural gas, the efficiency of the gas burner was found to be 69.08, 66.80, 66.17, and 

65.18% at solar fractions of 4.93, 9.40, 11.39, and 14.27%, respectively.   
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Figure 3.6: Gas burner efficiency at different solar fraction values 

This set of experiments was conducted using the baseline control strategy where both 

natural gas and solar were used together to minimize tank heating time. In a real 

application, one may institute more sophisticated controls to use solar energy to heat 

tank to as high a temperature as possible, and then use gas to accomplish the final lift, 

increasing the solar fraction. However, even using this control strategy would result in 

a lower burner efficiency due to the decreased LMTD. This differs from a standard 

solar/electric heating hybrid, as noted above, where the auxiliary heating efficiency is 

relatively insensitive to tank water temperature.  

3.6. Potential Improvements of the Hybrid System 

3.6.1. Annual Gas Consumption at Different Solar Fraction and Inlet Water 

Temperature Values 

According to ASHRAE handbook [62], the annual domestic 60 °C hot water demand 

of a typical US family is 86,140 liters. Using the burner efficiency values obtained 

through this experimental research, the volume of natural gas consumed by the 

solar/gas hybrid system to satisfy this hot water demand for varying initial tank 

temperatures and solar fractions was approximated. Three inlet tank water temperature 

(20, 30, and 51.5°C) scenarios were considered. The final water temperature was 
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assumed to be 60°C. For each inlet temperature, five different solar fractions (0, 25, 

50, 75, and 100%) were assumed and the volume of natural gas consumed at 

corresponding solar fraction was calculated as (Eq. 3.9): 

 
𝑉𝑔𝑎𝑠 = (1 − 𝑓)

𝑚𝐶𝑝,𝑤(𝑇𝑖𝑛𝑖 − 𝑇𝑓𝑖𝑛)

𝜂𝑏𝑢𝑟𝑛𝑒𝑟 ∗ 𝐻𝑉
 

(3.9) 

Figure 3.7 shows the relationship between solar fraction and volume of gas consumed 

by the solar/gas hybrid system for all three inlet water temperature scenarios. It is seen 

that the slope of the gas consumption curve decreases with an increase in inlet water 

temperature due to the decrease in gas burner efficiency with increasing inlet water 

temperature, as discussed above.  

  
Figure 3.7: Approximate annual volume of natural gas consumed at three different 

initial water temperatures (all scenarios are for a final temperature of 60 °C).  

The average volume of natural gas consumed by the hybrid system per degree of 

temperature rise is shown in Table 3.3. It is seen that for a higher initial tank water 

temperature, more natural gas is required per degree temperature rise. Hence, it is clear 

that lower inlet water temperature is desired to maximize gas burner efficiency and 

overall hybrid system efficiency. 
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Table 3.3: Natural gas consumption (m3) per degree Celsius temperature rise 

Solar 

fraction 

(%) 

At 20 °C At 30 °C At 51.5 °C 

Burner efficiency 

of 69.23% 

Burner efficiency 

of 66.43% 

Burner efficiency 

of 65.50% 

0 12.82 13.36 13.55 

25 9.61 10.02 10.16 

50 6.41 6.68 6.77 

75 3.20 3.34 3.39 

100 0.00 0.00 0.00 

 

Based on the experimental study of the performance of the solar/gas hybrid system, 

there is clearly opportunity to explore new system configurations that maximize solar 

fraction while also maximizing efficiency of the gas auxiliary unit.  

Under the current operational configuration of the hybrid system, the solar fraction can 

be maximized by using solar energy to heat the storage tank water to the required 

temperature, and when the solar input is not sufficient, the auxiliary gas burner would 

be turned on to top up the tank water temperature. However, as observed 

experimentally, the efficiency of the gas burner decreases at a higher starting water 

temperature. To avoid this inefficiency, it is suggested that instead of heating tank water 

that is pre-heated by solar input, the incoming cold water should be heated using an 

auxiliary gas burner and then mixed with heated water from solar storage tank on 

demand. This can be achieved by using a tankless gas-fired water heater and a 

thermostatic mixing valve as shown in Figure 3.8.  

A storage gas water heater can be used as an alternative to an instantaneous burner. 

However, tankless water heaters have higher combustion efficiencies and eliminate 

standby losses that are common to storage water heaters [63].  
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Figure 3.8: Proposed operation configuration 

The operation of the thermostatic mixing valve can be controlled by using temperature 

sensors. A thermal-sensitive mechanism within the thermostatic mixing valve body 

automatically proportions the amount of hot water coming out of the solar heater and 

gas burner. The valve can be programmed such that when the temperature of the water 

exiting the solar tank falls below a minimum required temperature, the gas burner turns 

on to produce the required temperature blend. As observed experimentally, solar energy 

is usually enough to completely heat the tank to the required temperature during 

summer months. In contrast to this, solar fraction is typically low (0 to 25%) during 

winter months. So, a major proportion of hot water demand during winter would be 

provided by the gas heater. To maximize the use of the solar collector during the winter 

months, the minimum required temperature of water exiting the solar storage tank at 

the thermostatic mixing valve can be lowered.  

The volume of natural gas consumed by the solar/gas hybrid system under the current 

and proposed configurations to satisfy annual hot water demand for a typical US family 

was calculated using Equation 3.9 and shown in Figure 3.9. Two different gas burner 

types, a tankless, instantaneous gas burner and the existing storage type gas burner, 

were considered as two alternative proposed configurations. The tank inlet water 

temperature and the tank exit water temperature were assumed to be 20 and 60 °C, 
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respectively. Five different solar fractions (0, 25, 50, 75, and 100%) were assumed. It 

is seen that less natural gas is consumed under the proposed configuration for both the 

instantaneous and existing storage burner compared to the current configuration, 

particularly in low and midrange (0 to 25%) solar fractions, which is typical of winter 

or spring season operation. Under the proposed configurations, the gas burner is always 

heating incoming cold water, thus operating at maximum possible efficiency. So, 

unlike in the current configuration where efficiency of gas burner decreases with 

increase in solar fraction, the efficiency of burner under proposed configuration 

remains constant regardless of changes in solar fraction. Natural gas savings offered by 

the proposed configuration with an instantaneous gas burner are higher than with 

existing gas burner because of its higher thermal efficiency [64].  

 
   

Figure 3.9: Approximate annual volume of natural gas consumed by the hybrid 

system under current and proposed configuration 

The maximum difference in annual gas consumption between current configuration and 

proposed configuration with instantaneous gas burner in Figure 3.9 was obtained at 

solar fraction of 0% and found to be 80 m3. This is approximately equivalent to 3240 

MJ (30.68 therms) of energy in terms of HHV of natural gas. Similarly, the maximum 
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difference in annual gas consumption between current configuration and proposed 

configuration with existing burner was obtained at solar fraction of 25% and found to 

be 16 m3 which is equivalent to 665 MJ (6.3 therms) of energy in terms of HHV of 

natural gas.  

The initial cost of an instantaneous gas-fired water heater is usually higher than a 

traditional storage water heater. Instantaneous water heaters typically last longer and 

have lower energy costs, which could justify its higher initial cost [65]. Although the 

annual energy savings offered by the proposed configuration seems low, this value adds 

up to give a significant amount in the long run. Savings offered by the proposed 

configurations would be much higher if the system were used for industrial process 

heating where water heating load is much higher than domestic heating. 

3.7. Conclusion 

Performance of a solar/gas hybrid water heating system installed at Oregon State 

University in Corvallis, Oregon was monitored for a variety of typical weather 

conditions. Under different temperature lifts and solar insolation values, the hybrid 

system was operated at three different modes of heating: solar, gas, and combined 

solar/gas mode. Results showed that in the solar heating mode, the efficiency of the 

collector heating system was 41.97%, 39.82%, and 35.05% at starting water 

temperature of 20, 30, and 51.5 °C, respectively. For starting water temperatures of 20, 

30, and 51.5 °C, the efficiency of gas burner was found to be 69.2%, 66.4%, and 65.5% 

at the HHV and 76.7%, 73.6%, and 72.6% at the LHV of natural gas, respectively.  In 

the combined solar/gas heating mode, the efficiency of the gas burner decreased with 

increasing solar fraction. For solar fractions of 4.93%, 9.40%, 11.39%, and 14.27%, 

the efficiency of the gas burner in terms of the HHV of natural gas was found to be of 

69.08%, 66.80%, 66.17%, and 65.18%, respectively.  

Results from the experimental study showed that energy consumed by the gas heating 

system per degree temperature rise of tank water increases with increase in inlet water 

temperature. So, instead of heating water that is pre-heated by solar energy, it is 

recommended that the cold incoming water be heated separately and mixed with the 

solar tank water using a thermostatic mixer. Doing so will result in natural gas energy 
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savings when the solar/gas hybrid water heating system is operating at low and mid-

range (15 to 50%) solar fraction, which is typical of spring and winter months. In 

addition to energy savings, the proposed configuration will also help to accurately 

quantify energy and cost savings offered by solar/gas hybrid system. This is because 

the efficiency of gas heater will remain constant (corresponding to the inlet water 

temperature) regardless of the solar input, making the prediction of cost and energy 

savings a very straight forward problem. This configuration is very useful in evaluating 

cost and energy savings during the feasibility assessment of solar/gas hybrid water 

heating systems.   

3.8. Nomenclature 

AC Collector aperture area (m2) 

CP Specific heat (J kg-1 K-1) 

FR  Collector heat removal factor  

Gt Solar irradiance (W m-2) 

UL Collector overall heat transfer coefficient (W m-2 °C-1) 

T Temperature (°C) 

�̇� Mass flow rate (kg s-1) 

�̇� Rate of useful energy collected (J s-1) 

V Volume (m3) 

HV Heating value (kJ m-3) 

Q Energy (J) 

F Solar fraction (%) 

A Area of heat exchanger (m2) 

U Heat exchanger overall heat transfer coefficient (W m-2°C-1) 

LMTD Logarithmic mean temperature difference (°C) 

 

Greek 

𝜂 Efficiency (%) 

𝜏 Transmittance 

α Absorptance  

 

Subscripts 

U Useful 

I Inlet 

A Ambient 

G Glycol 

Co Collector outlet 
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Ci Collector inlet 

Fi Fluid inlet 

Fo Fluid outlet 

C Collected 

D Delivered 

S System 

Burner Natural gas burner 

W Water 

Ini Initial 

Fin Final 

Gas Natural gas 

Solar Solar heating system 

auxiliary Auxiliary heating system 
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CHAPTER FOUR: TECHNICAL AND ECONOMIC FEASIBILITY 
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Chapter 4. Technical and Economic Feasibility Assessment of Solar 

Thermal Energy Systems for Small and Medium 

Manufacturing Enterprises 

4.1. Abstract 

Manufacturing industries require process heat for a wide variety of industrial 

operations, such as drying, cooking, washing, sterilizing, and pasteurization. Studies of 

industrial heating energy consumption have shown that more than 50% of the industrial 

heating demand is in the range of low (< 60 °C), medium (60 to 150 °C), and medium-

high (< 250 °C) temperatures. A significant part of this low temperature thermal energy 

can be generated by commercially available solar flat-plate collectors, which would 

reduce the use of fossil fuels, energy cost volatility, and carbon emissions. However, 

manufacturing industries have not been able to take advantage of solar thermal energy 

systems for two main reasons: First, there is not enough information about when and 

what kind of systems can be economically applied; and second, manufacturing 

industries often do not have appropriate personnel or analysis tools to make decisions 

about installation of solar thermal systems. The goal of this research is to assist small- 

and medium-sized companies in conducting feasibility analysis for the application of 

solar flat-plate collector energy systems in their businesses by providing a design 

decision support tool. This research uses the �̅�, 𝑓-chart method and modified �̅�, 𝑓-chart 

design methods to predict the amount of energy collected by the solar thermal systems. 

To assess the economic feasibility of solar flat-plate collector energy systems, a 

simplified cost model is proposed. To demonstrate the methodology, an example 

decision support software application is presented, along with several what-if 

scenarios. A sensitivity analysis of savings-to-investment ratio (SIR) was performed 

by changing selected input parameters by ±30% from the base case. It was found that 

the SIR ratio was most sensitive to natural gas fuel cost followed by collector area 

dependent cost, discount rate, cost of any pre-heating system, and cost of the auxiliary 

gas heater.  
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4.2. Introduction 

In the US, process heating operations, such as drying, cooking, washing, sterilizing, 

and pasteurization, are responsible for more energy demand than any other in the 

manufacturing sector, accounting for roughly 70% (7,204 TBtu in 2010) of the 

manufacturing sector process energy end use [66]. Several studies [10–13] of industrial 

heating energy consumption have shown that more than 50% of the industrial heating 

demand is in the range of low (<60 °C), medium (60 to150 °C), and medium-high 

(<250 °C) temperatures. The highest demand for low and medium temperature heat in 

US manufacturing industries is in the food, beverage, tobacco, paper, and textile 

industries [67]. A significant fraction of industrial heating energy, especially below 

100 °C (212 °F), can be generated by commercially-available solar thermal 

technologies, which would reduce the use of fossil fuels, and the associated energy cost 

volatility and carbon emissions. 

Application of solar thermal systems for domestic water heating is the most established 

technology with a proven record of performance worldwide [9]. Technically, compared 

to the domestic sector, the conditions for integration of solar thermal systems are more 

favorable in industrial sectors. Unlike in the domestic sector, where applications of 

solar thermal systems are limited to water heating, space heating, and swimming pool 

heating, industrial sectors have wider ranges of applications where solar thermal 

systems can be easily integrated. Another advantage of using solar thermal systems in 

industry is that industrial loads are often uniform throughout the year and coincide with 

solar hours (e.g., normal business hours of operation), which would result in better 

performance of solar energy collectors [12]. Despite the tremendous opportunity for 

energy cost reduction, the application of solar thermal systems for industrial process 

heating is rather unexploited compared to domestic heating applications. It has been 

estimated that solar energy incident on earth has the potential to fulfill the entire global 

thermal energy demand [68,69]. Yet, while an installed solar thermal capacity of 456 

GWth was recorded worldwide at the end of 2016; industrial process heating accounted 

for only around 3% of the total installed capacity [8].  
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Three key barriers for large-scale deployment of solar thermal systems have been 

identified: technical, economic, and institutional barriers [69]. The most significant 

technical barrier is the inherently low solar thermal collector efficiency at higher 

collector inlet fluid temperatures—collector heat loss value increases with an increase 

in collector fluid inlet temperature, resulting in an efficiency reduction [26]. Other 

technical barriers include thermal losses, restriction in the heat carrying capacity of 

working fluids, and energy storage issues [70,71]. Economic barriers include a high 

initial cost of solar thermal systems [72], and a low cost of competing energy sources 

such as natural gas, resulting in long payback periods. Further, benefits of solar thermal 

systems, such as reduced greenhouse gas emissions and reduced reliance on fossil fuels, 

are difficult to quantify and are external to system users [72]. Therefore, the benefits 

are not internalized in the cost calculations [73]. Institutional barriers include lack of 

regulatory policies, such as carbon taxes [74] in the US. Enacting such laws can 

discourage the use of fossil fuels and encourage adoption of solar thermal systems. 

Other institutional barriers include limited understanding among key national and local 

institutions of basic technical system and economic (financial) factors [69].  

Despite these barriers, studies in the US [75,76] have shown that solar thermal systems 

for industrial processes can be economically-competitive under certain conditions. 

However, manufacturing industries have not been able to take advantage of solar 

thermal systems for two main reasons. First, there is not enough information about 

when and what kind of systems can be economically applied. Second, manufacturing 

industries often do not have appropriate personnel or analysis tools to make decisions 

about the installation of solar thermal systems. To make a decision about installing a 

solar thermal system, it is necessary to assess the practicality of the system. 

Performance predictions at the site of interest and estimates of cost savings are the two 

most important factors considered in assessing the practicality of solar thermal systems. 

Unfortunately, feasibility studies of solar thermal systems require significant scientific 

and technical knowledge, and, hence, are costly. Small and medium-sized industrial 

enterprises, which are good candidates for installation of solar thermal systems, often 

lack the resources (e.g., worker time and skill) required for assessing solar thermal 

systems. Hence, they are not positioned to make investments in solar thermal systems.  



 

47 

 

The goal of this research is to develop a decision-support approach to assist small- and 

medium-sized companies in conducting feasibility analysis of application of solar 

thermal energy systems in their businesses. The paper is organized into five sections. 

The background section introduces the solar thermal systems technology and presents 

processes from several manufacturing sectors that are well-suited for the application of 

solar thermal energy systems. The research methodology section describes the methods 

used to predict the operational performance of solar thermal systems for applications 

in heating of low-temperature industrial process fluids. Next, to demonstrate the 

decision-support approach developed, an example software application is presented. 

Technical and economic analyses of a flat-plate solar thermal system are presented in 

the results section and include several what-if scenarios to aid discussion. Finally, key 

findings are provided in the conclusions section.  

4.3. Background 

Solar thermal technologies have been under development for many years to take 

advantage of the energy provided by the sun. This section describes a key element of 

these systems – solar collectors – as well as discussing the potential for solar thermal 

applications in manufacturing industry. 

4.3.1. Solar Collectors 

An industrial solar thermal energy system typically consists of a solar energy collector, 

a heat exchanger, an energy storage tank, and a control system [57]. The solar collector 

is a device that captures incident solar radiation and transfers the heat to a working fluid 

such as water of glycol/water mixture. Energy carried by the working fluid is then 

transferred to an energy storage tank using a heat exchanger. The performance of solar 

energy systems is measured in terms of solar fraction, which is defined as the fraction 

of total heat load that is contributed by solar collectors [30] to the total heat load. Solar 

fraction depends on many factors such as collector type and size, load, storage size, and 

available solar radiation.  

As shown in Table 4.1, solar collectors can be classified as sun-tracking, collector type, 

absorber type, concentration ratio, and indicative temperature range collectors. Non-
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tracking collectors are installed at a particular tilt angle and remain stationary 

irrespective to the position of the sun in the sky [77]. Concentration ratio is defined as 

the ratio of aperture area to the absorber area of the collector [27]. Both aperture area, 

the area of material (usually glazing) that collects the solar radiation, and absorber area, 

the area of material that actively converts solar irradiation into heat, vary depending on 

the design. 

Table 4.1: Types of solar energy collectors [27]  

 

A flat-plate collector (FPC) is the most common type of solar collector appropriate for 

harvesting solar energy at temperatures ranging from 30 to 80 °C [30] and is the focus 

of this study. It is a low-cost option and can be used for a number of different 

applications that require low-temperature thermal energy, such as space heating and 

industrial process heating [57]. Information on other types of collectors is available 

from various sources [27,77].  

Sun-tracking 

configuration 
Collector type 

Absorber 

type 

Concentration 

ratio 

Indicative 

temperature 

range (°C) 

Non-tracking 

(Stationary) 

Flat-plate collector 

(FPC) 
Flat 1 30-80 

Evacuated tube 

collector (ETC) 
Flat 1 50-200 

Compound parabolic 

collector (CPC) 
Tubular 

1-5 60-240 

5-15 60-300 

Single-axis 

tracking 

Linear Fresnel reflector 

(LFR) 
Tubular 10-40 60-250 

Parabolic trough 

collector (PTC) 
Tubular 15-45 60-300 

Cylindrical trough 

collector (CTC) 
Tubular 10-50 60-300 

Two-axis 

tracking 

Parabolic dish reflector 

(PDR) 
Point 100-1000 100-500 

Heliostat field collector 

(HFC) 
Point 100-1500 150-2000 
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4.3.2. Potential Applications of Solar Heat in Manufacturing  

The industrial sector is the largest energy-consuming sector for heating, accounting for 

approximately 43% of global energy consumption in this manner [1]. Most industrial 

heating systems either partially or fully depend on carbon-based fuels to generate the 

required thermal energy [2]. Thus, renewable energy systems present an opportunity to 

reduce fuel consumption and carbon emissions.  

Analysis of industrial energy consumption has shown that about 13% of the industrial 

heating applications require thermal energy at a temperature less than 100 °C [78] . 

Commercially-available solar flat-plate collectors can readily generate a significant 

portion of low-temperature industrial process heat [5]. Prior studies [10,11,15,79,80] 

have identified several manufacturing sectors and processes (Table 4.2) that are 

suitable candidates for application of solar flat-plate thermal energy systems. The 

following industrial sectors are identified as the most promising because of their low-

temperature heat requirements: food and beverage, dairy, paper, textile, wood, and 

fabricated metal.  

Table 4.2: Promising manufacturing sectors and process applications for solar flat-

plate thermal energy systems [10,11,15,79,80] 

Manufacturing Sector  Process  Temperature Range 

(°C) 

Dairy Cleaning 

Pressurization, Concentrates 

Pre-heating  

45-80 

60-80 

60-90 

Food and beverages Smoking 

Washing 

Tempering 

Cleaning, Bleaching, Cooking 

20-85 

35-80 

40-80 

60-90 

Textile Washing 

Bleaching, Dyeing 

50-100 

60-90 

Paper De-inking 

Cooking, Drying 

50-70 

60-80 

Fabricated metal Chromate coating 20-75 
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Pickling 

Electroplating, Phosphating 

Purging 

20-100 

30-95 

40-70 

Wood Pickling 40-70 

Machinery and 

equipment 

Cleaning 40-90 

Cross-industry Washing 

Pre-heating feed and make-up 

water 

30-90 

30-100 

 

Several studies have analyzed the feasibility of solar thermal systems for specific 

applications using detailed dynamic simulation programs. TRNSYS, the Transient 

System Simulation Tool [43], is one of the most commonly used software packages to 

simulate the behavior of solar thermal systems [81]. Benz et al. [24] performed 

TRNSYS simulations to design a solar thermal system for a bottle washing machine in 

a brewery and for a spray dryer in a dairy in Germany. Their study found that the 

efficiency of solar collectors for industrial process heating is comparable to the 

efficiency of solar collectors for domestic water heating. Kalogirou [10] analyzed the 

viability of a number of solar collector technologies with respect to life-cycle cost 

savings and energy yield for industrial process heating applications in Nicosia, Cyprus. 

Based on TRNSYS simulations, annual energy gains of 550 to 1100 kWh m-2 were 

predicted for an industrial application where 2000 kg hr-1 of hot water was needed at a 

temperature range of 60 to 240 °C. El Mkadmi & Wahed [23] performed TRNSYS 

simulations to study the performance of solar thermal systems in the dairy industry for 

three climatic conditions: Cyprus, France, and Morocco. They used optimization 

approach to design solar collectors and found the optimal design was able to meet 89. 

76, and 94% of the total heating load for Cyprus, France, and Morocco, respectively.  

In addition to TRNSYS, several other [82–84] simulation based decision support tools 

are available for dimensioning solar thermal energy systems. However, most of these 

simulation software tools are relatively expensive and specific for solar thermal design. 

More importantly, technical expertise is required to use simulation-based energy 



 

51 

 

system analysis tools. In addition, the possibility of waste heat recovery is another 

important aspect to be considered while designing and assessing the feasibility of solar 

thermal systems [25], which existing simulation-based decision support tool often do 

not consider. 

Simplified decision-support tools, such as spreadsheet-based calculators, are lower-

cost, require less computational speed, and can be used by an analyst with little 

technical experience. Such simplified decision support tools can quickly and accurately 

predict the results and, hence, can save the time and cost of a detailed pre-feasibility 

study. However, there is dearth of simplified decision support tools reported in the 

literature to help small and medium enterprises in assessing the feasibility of solar 

thermal systems for their individual applications.  

4.4. Research Methods 

In this study, the �̅�, 𝑓-chart method [57] and modified �̅�, 𝑓-chart [85] design method 

are implemented to estimate the amount of energy that would be collected by solar 

thermal energy systems for a given location. The �̅�, f-chart method is a simulation 

technique that uses empirical correlations derived from hundreds of simulations to 

predict the long-term performance of active closed-loop solar energy systems [57], 

shown schematically in Figure 4.1. The �̅�, f-chart  is one of the most widely used 

methods to predict the annual performance of solar thermal systems [86]. This method 

requires the following inputs: collector properties, storage tank properties, heating load 

information, and climate data (monthly average ambient temperature and monthly 

average daily solar radiation information). This method calculates solar fraction (𝑓) as 

a function of two dimensionless parameters: the ratio of collector losses to the heating 

load (𝑋) and the ratio of absorbed radiation to the heating load (𝜙𝑚𝑎𝑥  ̅̅ ̅̅ ̅̅ ̅̅ 𝑌).  
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Figure 4.1: Schematic of a closed-loop solar thermal system 

A schematic of an active closed-loop solar energy system defined by the �̅�, f-chart 

method is shown in Figure 4.1. In this schematic, energy absorbed by solar collectors 

is transferred to a solar fluid, which then passes through a heat exchanger to transfer 

the absorbed energy to the liquid inside a storage tank. The storage tank is assumed to 

be pressurized or filled with liquid of high boiling point so that minimal energy is lost 

through the pressure relief valve. A load heat exchanger is used to transfer energy from 

the storage tank to the load. An auxiliary heater is used in parallel with the solar energy 

system to provide additional heating whenever solar energy is insufficient to meet the 

heating demand. This method is particularly useful in simulating industrial process 

heating, space heating, and absorption refrigeration, where the load is relatively 

uniform [57].  

As reported by Duffie and Beckman [26], for steady-state operating conditions, the rate 

of useful energy collected by a solar energy collector is calculated using the Hottel-

Whillier-Bliss equation as (Eq. 4.1): 

 𝑞𝑢𝑠𝑒𝑓𝑢𝑙 = 𝐹𝑅𝐴𝐶[𝐼𝑇(𝜏𝛼) − 𝑈𝐿(𝑇𝑖 − 𝑇𝑎)]+ (4.1) 

As shown in Eq. 4.1, the rate of useful energy collected by a solar energy collector is 

maximized when the temperature of the solar fluid entering the collector (𝑇𝑖) is equal 

to a minimum possible temperature (𝑇𝑚𝑖𝑛). However, 𝑇𝑖 is not a design variable and 

cannot be controlled in practice [57] . Assuming negligible transfer losses and efficient 

heat exchange between the solar fluid and storage tank water, the temperature of solar 
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fluid entering the collector will be nearly equal to the water temperature in the storage 

tank [57] . As the solar fraction increases, the temperature of the storage tank, and thus 

the value of (𝑇𝑖), increases, reducing the rate of useful energy collected. Therefore, 

nearly the maximum energy would be collected if the collected energy were used 

almost immediately (the storage tank temperature would remain equal to 𝑇𝑚𝑖𝑛), or if 

the storage capacity were very large, such that energy could be stored without raising 

the storage tank temperature much above 𝑇𝑚𝑖𝑛 [57] . 

The positive sign at the end of Eq. 4.1 indicates that only positive values are considered 

as useful energy. In other words, to collect any useful energy, the value of incident 

solar radiation must overcome the collector losses. The minimum solar radiation 

required to overcome collector losses when the fluid inlet temperature is equal to 𝑇𝑚𝑖𝑛 

is calculated as (Eq. 4.2) [57] : 

 
𝐼𝑚𝑖𝑛 =

𝐹𝑅𝑈𝐿(𝑇𝑚𝑖𝑛 − 𝑇𝑎)

𝐹𝑅(𝜏𝛼)
 

(4.2) 

In terms of 𝐼𝑚𝑖𝑛, the rate of energy collected by a solar collector when 𝑇𝑖 is equal to 

𝑇𝑚𝑖𝑛 is expressed as (Eq. 4.3): 

 𝑞𝑚𝑎𝑥 = 𝐹𝑅𝐴𝐶(𝜏𝛼)(𝐼𝑇 − 𝐼𝑚𝑖𝑛) (4.2) 

Integrating 𝑞𝑚𝑎𝑥 over time, the maximum monthly average energy collected by a solar 

energy collector is calculated as (Eq. 4.4) [57] : 

 𝑄𝑚𝑎𝑥 = 𝐴𝐶𝐹𝑅(𝜏𝛼̅̅ ̅)𝐻𝑡
̅̅ ̅𝑁𝜙𝑚𝑎𝑥

̅̅ ̅̅ ̅̅ ̅ (4.4) 

The following steps (Eqs. 4.5-4.26) explain how 𝐻𝑡
̅̅ ̅ and 𝜙𝑚𝑎𝑥

̅̅ ̅̅ ̅̅ ̅ are calculated.  

First, the declination value, δ, is calculated in degrees for any given day of the year (n) 

using Eq. 4.5. Declination (δ) is the angular position of the sun at solar noon with 

respect to the plane of the equator [26]. 
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𝛿 = 23.45 𝑠𝑖𝑛 (360

284 + 𝑛

365
) 

(4.5) 

The average value of n for each month can be obtained from the “Recommended 

Average Day for Each Month and Values of n by Months” table provided by Klein 

[87]. Sunset hour angle (𝜔𝑠) can be calculated using the equation (Eq. 4.6) devised by 

Cooper [88]: 

 𝜔𝑠 = cos−1(− tan(𝛷) tan(𝛿)) (4.6) 

Knowledge of the amount of solar radiation available at a given location is fundamental 

to the design of solar energy systems and energy analysis models. To accurately predict 

the daily performance of a solar energy collector, it is first necessary to determine the 

amount of solar radiation available per day. As reported by Duffie and Beckman [26], 

the amount of daily extraterrestrial radiation incident on a horizontal surface, Ho, can 

be calculated as (Eq. 4.7): 

 
𝐻𝑜 =  

24 × 3600𝐺𝑠𝑐

𝜋
[1 + 0.033 𝑐𝑜𝑠 (

360𝑛

365
)]

× [𝑐𝑜𝑠𝛷 𝑐𝑜𝑠𝛿 𝑠𝑖𝑛𝜔𝑠 +
2𝜋𝜔𝑠

360
 𝑠𝑖𝑛𝛷 sin 𝛿] 

(4.7) 

For a latitude range of 60°S to 60°N, using the monthly average values of n and 𝛿, the 

monthly average daily extraterrestrial radiation (𝐻𝑜
̅̅̅̅ ) incident on a horizontal surface 

can be estimated using Eq. 4.7 [26]. However, the amount of radiation that reaches 

Earth’s surface is lower than 𝐻𝑜 because a large part of the incident radiation is 

scattered, reflected back, and absorbed by the atmosphere [30]. The fraction of 

extraterrestrial radiation that reaches Earth’s surface is defined as the clearness index 

(𝐾𝑇) [26]. The monthly average clearness index (𝐾𝑇
̅̅̅̅  ) for a location can be found using 

the equation (Eq. 4.8) proposed by Liu and Jordan [89] as: 

 
𝐾𝑇
̅̅̅̅ =

�̅�

𝐻𝑜
̅̅̅̅

 
(4.8) 
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Normally, solar collectors are not installed horizontally but are installed at an angle to 

maximize the absorption of solar radiation and to reduce reflection losses [30]. 

Therefore, to accurately predict the amount of solar radiation that falls on a collector’s 

surface, solar radiation incident on horizontal surfaces must be converted to the solar 

radiation values for tilted surfaces. Liu and Jordan [90] proposed an empirical method 

for the estimation of the monthly average daily total radiation incident on a tilted 

surface. According to their model, the ratio of average daily beam radiation on a tilted 

surface to that on a horizontal surface ( 𝑅𝑏
̅̅̅̅ ) for each month can be calculated as (Eq. 

4.9): 

  
𝑅𝑏
̅̅̅̅ =

cos(𝛷 − 𝛽) 𝑐𝑜𝑠𝛿𝑐𝑜𝑠𝜔𝑠
′ + 𝜋

180⁄ ωs
′ sin(𝛷 − 𝛽) 𝑠𝑖𝑛𝛿

𝑐𝑜𝑠𝛷𝑐𝑜𝑠𝛿𝑐𝑜𝑠𝜔𝑠 + 𝜋
180⁄ 𝜔𝑠𝑠𝑖𝑛𝛷𝑠𝑖𝑛𝛿

 
  (4.9) 

 

 where 
ωs

′ = 𝑚𝑖𝑛 (
cos−1(−𝑡𝑎𝑛𝛷 𝑡𝑎𝑛𝛿)

cos−1(− tan(𝛷 − 𝛽) 𝑡𝑎𝑛𝛿
) 

(4.10) 

 

Eq. 4.9 and Eq. 4.10 are only applicable for surfaces sloped toward the equator in the 

northern hemisphere, i.e., for surfaces with γ = 0°. For surfaces in the southern 

hemisphere sloped toward the equator (i.e., γ = 180°) refer to Duffie and Beckman [26].  

The method presented by Liu and Jordan was extended by Klein [87], where the ratio 

of monthly average daily total solar radiation on an unshaded solar collector to the 

monthly average daily radiation, �̅�, is calculated as (Eq. 4.11): 

 
�̅� = (1 −

𝐻𝑑
̅̅ ̅̅

�̅�
) 𝑅𝑏

̅̅̅̅ +  
𝐻𝑑
̅̅ ̅̅

�̅�
 (

1 + 𝑐𝑜𝑠𝛽

2
) +  𝜌𝑔 (

1 − 𝑐𝑜𝑠𝛽

2
) 

(4.11) 

where 
𝐻𝑑̅̅ ̅̅

�̅�
 is the ratio of average daily diffuse radiation to monthly average daily 

radiation and is calculated using (Eqs. 4.12 to 4.13) [91]: 

for ωs ≤ 81.4° and 0.3≤ KT ≤0.8, 

 𝐻𝑑
̅̅ ̅̅

�̅�
= 1.391 − 3.560𝐾𝑇

̅̅̅̅ +  4.189 𝐾𝑇
 2̅̅ ̅̅ − 2.137 𝐾𝑇

 3̅̅ ̅̅  
(4.12) 
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and for ωs >81.4° and 0.3≤ KT ≤0.8 

 𝐻𝑑
̅̅ ̅̅

�̅�
= 1.311 − 3.022𝐾𝑇

̅̅̅̅ + 3.427 𝐾𝑇
 2̅̅ ̅̅ − 1.821 𝐾𝑇

 3̅̅ ̅̅  
(4.13) 

Utilizability (𝜙) is defined as the fraction of solar radiation incident on a collector’s 

surface that is above a given threshold value (𝐼𝑚𝑖𝑛) [87]. Maximum daily collector 

utilizability (𝜙𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅) is defined as the sum over all hours and days of a month of the 

radiation falling on a tilted surface that is above 𝐼𝑚𝑖𝑛 divided by the monthly average 

radiation [87]. The value of (𝜙𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅) for a month depends on 𝐼𝑚𝑖𝑛, the distribution of 

hourly values of solar radiation in the month, and the location and orientation of the 

collector [57]. The procedure for calculating 𝜙𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅ developed by Klein [87] is 

explained below (Eqs. 4.14 to 4.26).  

According to Collares-Pereira and Rabl [92], the ratio of total solar radiation for the 

noon hour to the total solar daily radiation for the month central day can be calculated 

as (Eqs. 4.14 to 4.16): 

 
𝑟𝑡,𝑛 =  

𝐼

𝐻
=

𝜋

24
(𝑎∗ + 𝑏∗)

1 − cos (𝜔𝑠)

sin(𝜔𝑠) −
𝜋𝜔𝑠

180 cos (𝜔𝑠)
 

(4.14) 

where, 𝑎∗ = 0.409 + 0.5016sin (𝜔𝑠 − 60) (4.15) 

and  𝑏∗ = 0.6609 − 0.4767sin (𝜔𝑠 − 60) (4.16) 

The ratio of diffuse solar radiation for noon to the total solar daily radiation for the 

month central day is calculated as (Eq. 4.17) [89]: 

 
𝑟𝑑,𝑛 =  

𝜋

24

1 − cos (𝜔𝑠)

sin(𝜔𝑠) −
𝜋𝜔𝑠

180 cos (𝜔𝑠)
 

(4.17) 

As reported by Kalogirou [30], the ratio of beam radiation on the collector surface to 

that on a horizontal surface for the noon hour can be calculated as (Eq. 4.18): 
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𝑅𝑏,𝑛 =   

(sin(𝛷 + 𝛽) sin(𝛿) + cos(𝛷 + 𝛽) ∗ cos(𝛿) ∗ cos (ℎ)

sin(𝛷) ∗ sin(𝛿) + cos(𝛷) ∗ cos(𝛿) ∗ cos(ℎ)
 

(4.18) 

According to Erbs et al. [91], the ratio of daily diffuse solar radiation to the daily 

radiation for the month central day is given as (Eq. 4.19): 

For 𝜔𝑠 ≤ 81.4°,  

 𝐻𝑑

𝐻

= {
1 − 0.272𝐾𝑇 + 2.4495𝐾𝑇

2 − 11.95𝐾𝑇
3 + 9.3879𝐾𝑇

4 𝑓𝑜𝑟 𝐾𝑇 < 0.715
0.143                                                                                    𝑓𝑜𝑟 𝐾𝑇 ≥ 0.715

 

(4.19) 

For 𝜔𝑠 > 81.4°,  

 𝐻𝑑

𝐻

= {
1 + 0.283𝐾𝑇 − 2.5557𝐾𝑇

2 + 0.8448𝐾𝑇
3                       for   𝐾𝑇 < 0.722

0.175                                                                                     for   𝐾𝑇 ≥ 0.722
 

 (4.20) 

As reported by Duffie and Beckman [26], the ratio of noon hour total solar radiation on 

the collector to the noon hour total solar radiation on a horizontal surface, Rn, is 

calculated as (Eq. 4.21): 

 
𝑅𝑛 = (

𝐼𝑡

𝐼
)

𝑛
= (1 −

𝑟𝑑,𝑛𝐻𝑑

𝑟𝑡,𝑛𝐻 
) 𝑅𝑏,𝑛 + (

𝑟𝑑,𝑛𝐻𝑑

𝑟𝑡,𝑛𝐻 
) (

1 + 𝑐𝑜𝑠𝛽

2
)

+ 𝜌𝑔 (
1 − 𝑐𝑜𝑠𝛽

2
) 

(4.21) 

As reported by Kalogirou [30], the minimum monthly average critical radiation ratio is 

calculated as (Eq. 4.22): 

 𝑋𝑐,𝑚𝑖𝑛
̅̅ ̅̅ ̅̅ ̅̅ = 𝐹𝑅𝑈𝐿(𝑇𝑚𝑖𝑛 − 𝑇𝑎

̅̅ ̅) 

3600

(𝐹𝑅(𝜏𝛼)𝑛 × (
𝜏𝛼̅̅ ̅

(𝜏𝛼)𝑛
) 𝑟𝑡,𝑛 × 𝑅𝑛�̅� × 1 × 106)

 

(4.22) 

Finally, 𝜙𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅, as reported by Kalogirou [30] is calculated as (Eqs. 4.23 to 4.26): 
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𝜙𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅ = 𝑒𝑥𝑝 {[𝑎 + 𝑏 (

𝑅𝑛

𝑅
)] [𝑋𝑐,𝑚𝑖𝑛

̅̅ ̅̅ ̅̅ ̅̅ + 𝑐𝑋𝑐,𝑚𝑖𝑛
̅̅ ̅̅ ̅̅ ̅̅ 2

]} 
(4.23) 

where, 

 𝑎 = 2.943 − 9.271𝐾𝑇
̅̅̅̅ + 4.031𝐾𝑇

 2̅̅ ̅̅  (4.24) 

 𝑏 = −4.345 + 8.853𝐾𝑇
̅̅̅̅ − 3.602𝐾𝑇

 2̅̅ ̅̅  (4.25) 

 𝑐 = −0.170 − 0.306𝐾𝑇
̅̅̅̅ + 2.936𝐾𝑇

 2̅̅ ̅̅  (4.26) 

The value of 𝜙𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅ calculated using Eq. 4.23 would be for collectors for which 𝐹𝑅(𝜏𝛼̅̅ ̅) 

is equal to one and the fluid inlet temperature is equal to 𝑇𝑚𝑖𝑛. For a collector with zero 

heat loss coefficient (𝑈𝐿 = 0), the value of 𝜙𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅ is equal to one, and for collectors with 

non-zero heat loss coefficient (𝑈𝐿 > 0), the value of 𝜙𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅ will be less than one [57].  

Next, 𝑌 is defined as the ratio of energy collected by a solar collector with zero heat 

loss coefficient to the monthly load, and is calculated as (Eq. 4.27) [57]: 

 

 𝑌 =
𝐴𝑐𝐹𝑅(𝜏𝛼)𝑛 × (

𝜏𝛼̅̅ ̅
(𝜏𝛼)𝑛

) × 𝑟𝑡,𝑛 × �̅��̅�𝑁

𝐿
 

(4.27) 

The product, 𝜙𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅̅  𝑌, plotted on the ordinate of the �̅�, 𝑓-chart , gives the fraction of 

total load that would be supplied by a solar energy collector with specified values of 

𝐹𝑅(𝜏𝛼)𝑛 and 𝐹𝑅𝑈𝐿 if the collector fluid inlet temperature were equal to 𝑇𝑚𝑖𝑛. However, 

in reality, collector fluid inlet temperature is greater than 𝑇𝑚𝑖𝑛. Assuming negligible 

transfer losses and an efficient heat exchange between the solar fluid and storage tank 

water, the collector fluid inlet temperature for a fixed storage capacity increases with 

increase in solar fraction [57].  

The dimensionless parameter 𝑋, plotted on the abscissa of �̅�, 𝑓-chart, is defined as the 

ratio of collector energy loss at a reference temperature to the total heating load and is 

calculated as (Eq. 4.28) [57] : 
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𝑋 =

𝐴𝑐𝐹𝑅𝑈𝐿(𝑇𝑟𝑒𝑓 − 𝑇𝑎
̅̅ ̅)∆𝑡

𝐿
 

(4.28) 

Based on hundreds of simulations, the value for the temperature difference between the 

reference temperature and ambient temperature (𝑇𝑟𝑒𝑓 − 𝑇𝑎
̅̅ ̅) was replaced by an 

empirical constant, 100 [57]. 

 
𝑋 =

𝐴𝑐𝐹𝑅𝑈𝐿(100)∆𝑡

𝐿
 

(4.29) 

The value of 𝑋 indicates the effect of collector fluid inlet temperature on the 

performance of a solar collector. The performance of a collector for which 𝑋 is zero is 

unaffected by an increase in collector fluid inlet temperature. Assuming no storage tank 

energy losses, the solar fraction achieved by such a collector will always be equal to 

𝜙𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅ Y [57]. In reality, because of unavoidable heat losses, collectors are sensitive to 

inlet water temperature and, thus, have a non-zero value of 𝑋.  

The relationship of solar fraction (𝑓) to the dimensionless variables 𝜙𝑚𝑎𝑥  ̅̅ ̅̅ ̅̅ ̅̅ 𝑌 and 𝑋 is 

referred to as the �̅�, 𝑓-chart and is analytically obtained as (Eq. 4.30) [57]: 

 𝑓 = 𝛷𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅ 𝑌 − 0.015(exp(3.85𝑓) − 1)(1 − exp(−0.15𝑋))𝑅𝑠

0.76 (4.30) 

The ratio, Rs, of standard storage heat capacity per unit of collector area (350 kJ m-2 °C-

1) to the actual storage capacity per unit of collector area is calculated as (Eq. 4.31) 

[57]: 

 
𝑅𝑠 =

350

𝑀𝑐𝑝

𝐴𝑐

 
(4.31) 

The value of solar fraction calculated using the �̅�, 𝑓-chart method assumes there are no 

energy losses from the storage tank. However, in reality, there is some energy lost to 

the ambient from the storage tank, which is not accounted by the �̅�, 𝑓-chart method. 

Because of this, the solar fraction calculated using the �̅�, 𝑓-chart method is slightly 
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higher when compared to an actual system with storage tank losses. To account for 

storage tank losses, the following steps were proposed by Klein and Beckman [57]. 

The monthly total storage tank losses can be calculated as (Eq. 4.32) [57]: 

 𝑄𝑠𝑡 = (𝑈𝐴)𝑡(𝑇�̅� − 𝑇𝑒𝑛𝑣)𝛥𝑡 (4.32) 

As reported by Duffie and Beckman [26], the fraction of the total load supplied by the 

solar energy system, including storage tank losses, is calculated as (Eq. 4.33): 

 
𝑓𝑇𝐿 =

𝐿𝑠 + 𝑄𝑠𝑡

𝐿 + 𝑄𝑠𝑡
 

(4.33) 

Once the value of 𝑄𝑠𝑡 is computed, 𝑓𝑇𝐿 can be calculated using the �̅�, 𝑓-chart method 

for the new load of 𝐿𝑠 + 𝑄𝑠𝑡. Finally, the new solar fraction can also be represented in 

the form (Eq. 4.34) [26]: 

 
𝑓 = 𝑓𝑇𝐿 (1 +

𝑄𝑠𝑡

𝐿
) −

𝑄𝑠𝑡

𝐿
 

(4.34) 

The value of 𝑄𝑠𝑡 cannot be directly calculated, but upper and lower value can be 

estimated. The lower bound of 𝑄𝑠𝑡 is calculated by assuming 𝑇�̅� remains at 𝑇𝑚𝑖𝑛 and 

upper bound is calculated assuming 𝑇�̅� remains at the average collector fluid inlet 

temperature (𝑇�̅�). According to Klein and Beckman [57] the value of 𝑇�̅� can be 

calculated from �̅�-charts. Finally, the average daily utilizability is calculated as (Eq. 

4.35): 

 
�̅� =

𝑓𝑇𝐿

𝑌
 

(4.35) 

Once 𝑇�̅�  is calculated,  Klein and Beckman [57] recommended using the average of 

𝑇𝑚𝑖𝑛 and 𝑇�̅� in Eq. 4.31 to estimate the tank losses. Calculations from Eq. 4.32 to 4.35 

are repeated until a satisfactory convergence of 𝑇�̅� is obtained.  

The �̅�, 𝑓-charts were generated assuming there is no heat transfer resistance between 

the load and storage tank and, hence, the monthly solar fraction values calculated using 
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�̅�, 𝑓-charts are optimistic [57]. In practice, a load heat exchanger is employed between 

the storage tank and load. A load heat exchanger adds thermal resistance between the 

storage tank and load, which increases the storage tank temperature. As a result, there 

is an increase in the collector inlet fluid temperature and storage tank losses and, hence, 

a decrease in energy collected by the solar collectors. An average increase in tank 

temperature necessary to supply the required energy rate is calculated as (Eq. 4.36) 

[57]: 

 

∆𝑇 =

𝑓𝐿
∆𝑡

휀𝐿 𝐶𝑚𝑖𝑛
 

(4.36) 

The value of ∆𝑇 found using Eq. 4.36 is added to the 𝑇𝑚𝑖𝑛 in Eq. 4.22 to calculate the 

value of 𝑋𝑐,𝑚𝑖𝑛
̅̅ ̅̅ ̅̅ ̅̅ .  

The �̅�, 𝑓-chart method assumes that heating loads are relatively uniform every day. 

Therefore, this method will produce inaccurate results if the load distribution is highly 

irregular. In addition, this method does not account for energy dumping if the storage 

tank temperature exceeds 100 °C because this method assumes that the boiling 

temperature of storage tank is elevated. As a result, a slightly higher solar fraction is 

obtained during summer months compared to methods like TRNSYS simulation.  

The �̅�, 𝑓-chart method in its original form is intended only for applications where the 

load can be characterized by a single temperature [57]. This method is not applicable 

for typical open-loop (no heat exchanger between the solar thermal system and load) 

water heating systems because water heating systems are characterized by two 

temperatures, supply water temperature and desired hot water temperature. To 

overcome this limitation, an improved method was proposed by Braun et al. [85], where 

a dimensionless correction factor 𝑍 was included in the �̅�, 𝑓-chart method.  

The schematic of an open-loop water heating system defined by Braun et al.[85] is 

shown in Figure 4.2. In this system, a heat exchanger is used to transfer energy from 

the collector to a pre-heat tank. Water is drawn from the system if a desired temperature 

𝑇𝑠𝑒𝑡 is reached and is replaced with make-up water at temperature 𝑇𝑚𝑎𝑖𝑛𝑠. If the solar 
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energy is not sufficient, an auxiliary water heater is operated to provide the additional 

energy. The mixing valve adjusts the temperature of delivered water to 𝑇𝑠𝑒𝑡 if the 

temperature of water inside the pre-heat tank is greater than the desired temperature. 

  

 
Figure 4.2: Schematic of an open-loop solar thermal system 

The modified �̅�, 𝑓-chart method is applicable to both open-loop and closed-loop 

systems [85] . Under this method, useful energy collected by solar energy collectors is 

calculated as (Eq. 4.37) [85] : 

 𝑄𝑢𝑠𝑒𝑓𝑢𝑙 = 𝑄𝑚𝑎𝑥 − 0.015(exp(3.85𝑓) − 1) ∗ 

(1 − exp(−0.15𝑋)) exp(−1.959𝑍)𝐿 

(4.37) 

The dimensionless parameter 𝑍 in Eq. 4.37 is a measure of temperature rise required 

by the load and is calculated as (Eq. 4.38) [85] :  

 
𝑍 =

𝐿

𝐶𝐿(100 °𝐶)
 

(4.38) 

For an open-loop water heating system, 𝐶𝐿 is calculated as (Eq. 4.39) [85] : 

 𝐶𝐿 = 𝑀𝐶𝑃  (4.39) 

For a closed-loop water heating system, 𝐶𝐿  is calculated as (Eq. 4.40) [85] : 
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 𝐶𝐿 = 𝜖𝐶𝑚𝑖𝑛 (4.40) 

The average storage tank temperature to consider storage tank losses is calculated as 

(Eq. 4.41) [85]: 

 𝑇�̅� = 𝑇𝑚𝑖𝑛
′ + 𝑔(exp(4.702 ∗ 𝑓) − 1)exp(−4.002 ∗ 𝑍) (4.41) 

where  

 
𝑔 =

0.2136 °𝐶

𝑆𝑐 ∗ 350
𝑘𝐽
𝑚2 °𝐶

 
(4.42) 

To calculate the value of 𝑇𝑚𝑖𝑛
′ , an initial guess is made. Using the guessed value, an 

estimate of solar fraction is calculated as (Eq. 4.43) [85] : 

 
𝑓 =

𝑀𝐶𝑝(𝑇𝑚𝑖𝑛
′ − 𝑇𝑚𝑎𝑖𝑛𝑠)

𝐿
 

(4.43) 

The values of 𝑄𝑢𝑠𝑒𝑓𝑢𝑙 and 𝑇�̅� are then calculated using Eq. 4.36 and Eq. 4.40, 

respectively. A new estimate of solar fraction is then calculated as (Eq. 4.44) [85] : 

 
𝑓 =

𝑄𝑢𝑠𝑒𝑓𝑢𝑙 − (𝑈𝐴)𝑡(𝑇�̅� − 𝑇𝑒𝑛𝑣)∆𝑡

𝐿
 

(4.44) 

A new estimate of 𝑇𝑚𝑖𝑛
′  is then calculated as (Eq. 4.45) [85]: 

 
𝑇𝑚𝑖𝑛

′ = 𝑇𝑚𝑎𝑖𝑛𝑠 +
𝑓𝐿

𝑀𝐶𝑃
 

(4.45) 

For open-loop systems, solar fraction is calculated using Eq. 4.43 and for closed-loop 

systems, solar fraction is calculated using Eq. 4.44.  

4.5. Results 

To demonstrate the application of the modified �̅�, 𝑓-chart method for designing solar 

industrial process heating systems, we explore the representative case of a dairy. It is 

assumed that the dairy requires 10,000 L of hot water at 50 °C every day for floor 
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cleaning, which is a single-use purpose (open-loop system). Waste energy is available 

from other processes at the dairy. To recover this waste energy, a pre-heating system 

with a heat exchanger of 15 m2 area is utilized. This heat recovery system will pre-heat 

the inlet water from 15 °C to 25 °C. A solar flat-plate collector water heating system, 

as shown in Figure 4.3, is then employed to heat the storage tank water from 25 °C to 

50 °C. Design parameters for the system are given in Table 4.3. What-if analyses were 

conducted to evaluate the effect of geographic location, collector area, and collector 

tilt, as described next for this hypothetical design case. To facilitate analysis, a design 

decision support tool was developed in MS Excel. This tool is generally applicable for 

the evaluation of open- and closed-loop systems to evaluate various system design 

parameters and operational characteristics. 

Table 4.3: Design parameters for solar flat-plate collector water heating system 

   

Collector characteristics: Collector area (𝐴𝑐) 70 m2 

 (𝐹𝑅(𝜏𝛼)𝑛) 0.8 

 Collector heat removal factor 

(𝐹𝑅𝑈𝐿) 

4.17 W m-2 °C-1 

 Orientation Slope = latitude 

   

Storage tank 

characteristics: 
𝑆𝑐 350 kJ m-2 °C-1 

   

Heat loss conductance: Pre-heat tank (𝑈𝐴)𝑡 10 W °C-1 

 Auxiliary tank (𝑈𝐴)𝑎 6.5 W °C-1 
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Figure 4.3: Schematic of solar-flat plate collector water heating system 

4.5.1. Effect of Geographic Location on Solar Fraction 

The decision support tool was utilized to calculate the solar fraction achieved by the 

solar water heating system described in Table 4.3. The analysis was performed for 

eleven US cities: Anchorage, AK (61.21°N), Chicago, IL (Central climate region, 

41.87°N), Dallas, TX (South climate region, 32.77°N), Honolulu, HI (21.30°N), 

Madison, WI (East North Central climate region, 43.07°N), Miami, FL (Southeast 

climate region, 25.76°N), New York City, NY (Northeast climate region, 40.71°N), 

Omaha, NE (West north central climate region, 41.25°N), Phoenix, AZ (Southwest 

climate region, 33.44°N), Sacramento, CA (West climate region, 38.58°N), and Seattle, 

WA (Northwest climate region, 47.60°N). Each city (except for Honolulu and 

Anchorage) represents one of the nine climate regions in the US as defined by Karl and 

Koss [93]. Monthly average daily radiation and monthly average daily ambient 

temperature were obtained from NASA’s surface meteorology and solar energy 

website [94].  
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Figure 4.4: Annual average solar fraction at different locations 

Figure 4.4 shows the annual average solar fraction achieved by the solar water heating 

system for all eleven US cities mentioned above. It is seen that maximum average 

annual solar fraction (82.6 %) was obtained for Honolulu. Here, the higher monthly 

average daily radiation and monthly average daily ambient temperature resulted in 

more energy collection and lower storage tank losses. Similarly, the minimum average 

annual solar fraction (33.6 %) was obtained for Anchorage due to the relatively lower 

monthly average daily radiation and monthly average daily ambient temperature. This 

analysis demonstrates how the developed tool can help industry practitioners identify 

whether solar flat-plate collectors would be adequate for energy collection with respect 

to their location and climate.  
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Figure 4.5: Annual average daily solar radiation at different locations 

4.5.2. Effect of Collector Area on Solar Fraction 

As described by Eq. 4.1, energy collected by solar collectors and, thus, solar fraction 

increases with increasing collector area. The decision support tool mentioned above 

was used to explore this effect. Figure 4.6 shows the general trend on the effect of 

increasing collector area on annual average solar fraction achieved. The analysis was 

performed using climate data for Honolulu, Omaha, and Anchorage—the locations 

with the maximum, median and minimum annual average solar fraction, respectively. 

It is seen that increase in collector area has largest effect on annual average solar 

fraction for Honolulu followed by Omaha and Anchorage. This is because of the larger 

annual average solar radiation available in Honolulu compared to Omaha and 

Anchorage. This analysis demonstrates that designing solar flat-plate collector energy 

systems with large collector area values for locations with lower annual average solar 

radiation might not be as beneficial (in terms of improved annual average solar fraction) 

as compared to locations with higher annual average solar radiation values. 
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Figure 4.6: Annual average solar fraction at different collector area values 

Figure 4.7 shows the monthly average solar fraction achieved by the system defined in 

Table 4.3 for collector areas of 30, 50, 70, and 90 m2. Climate data for Honolulu was 

used to perform the analysis because of its larger annual average daily solar radiation 

values. As expected, it is seen that the monthly average solar fraction value increases 

with increase in collector area. However, since the maximum possible solar fraction is 

100%, increasing collector area to 90 m2 may indicate that it is oversized. The solar 

collector contributes to 100% of the heating between April and September, and is likely 

overheating the water, requiring cooling water to be used, for example. This analysis 

can help industry practitioners dimension the size (area) of solar flat-plate collector 

based on the desired solar fraction.  
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Figure 4.7: Monthly average solar fraction at different collector area values for 

Honolulu 

4.5.3. Effect of Collector Tilt Angle on Solar Fraction  

In the northern hemisphere, the optimum collector orientation is south facing, and the 

optimum collector tilt angle is higher (usually 15° more than the location’s latitude) for 

winter months and is lower (usually 15° less than the location’s latitude) for summer 

months [95]. The best way to achieve an optimal tilt is by using solar tracking systems 

but, tracking systems are expensive and not always applicable [96].  

Figure 4.8 shows the solar fraction achieved by the above-mentioned system using 

climate data for Honolulu for three different collector tilt angles: 5° (~latitude-15°), 

20° (~latitude), and 35° (~latitude+15°). As expected, it is seen that the lower tilt angle 

resulted in higher solar fraction in summer and higher tilt angles resulted in higher solar 

fraction in winter. Overall, a higher average annual solar fraction was achieved for tilt 

angle equal to latitude. This follows the general recommendation for a stationary flat-

plate collector, where collector tilt angle equal to the local latitude is advised [97]. 
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Figure 4.1: Monthly average solar fraction at different collector tilt angle values 

4.5.4. Economic Analysis of Solar Flat-Plate Collector Energy Systems 

A simplified cost estimation model to assess the economic feasibility of solar flat-plate 

collector systems is presented next. The total cost of the solar flat-plate collector water 

heating system shown in Figure 4.3 can be represented as the sum of the costs of three 

subsystems: the flat-plate collectors, auxiliary natural gas heating system, and pre-

heating system (Eq. 4.46). 

 𝑇𝐶 = 𝐶𝐹𝑃𝐶 + 𝐶𝐺𝐻 + 𝐶𝐻𝑅 (4.46) 

The total cost of solar flat-plate collectors (𝐶𝐹𝑃𝐶) can be represented as the sum of two 

different costs: the initial system cost and the cost of operation and maintenance (Eq. 

4.47).  

 𝐶𝐹𝑃𝐶 = 𝐶𝑆𝐼  + 𝐶𝑂&𝑀 (4.47) 

The initial cost of a solar flat-plate collector system (𝐶𝑆𝐼) depends on several factors, 

such as the costs of solar flat-plate collectors and the collector structure system, 

installation cost, cost of the solar controller, piping and insulation costs, cost of the 

solar pump, cost of the solar heat exchanger, and cost of the storage tank [26]. These 
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system costs can be divided into two main categories: collector area dependent costs 

(𝐶𝑎 ) and collector area independent costs (𝐶𝑓), as shown in Eq. 4.48 [26]: 

 𝐶𝑆𝐼 = 𝐶𝑎 𝐴𝐶 + 𝐶𝑓 (4.48) 

The cost of an auxiliary gas heating system (𝐶𝐺𝐻) is represented as the sum of initial 

installation cost (𝐶𝐺𝐼) and the operating cost(𝐶𝑂𝑃) and is calculated as (Eq. 4.49) : 

 𝐶𝐺𝐻 = 𝐶𝐺𝐼 + 𝐶𝑂𝑃 (4.49) 

The initial installation cost is calculated as (Eq. 4.50): 

 𝐶𝐺𝐼 = 𝑆𝐺𝐻 × 𝐶𝐻  

(4.50) 

The annual operating cost is calculated as (Eq. 4.51): 

 
𝐶𝑂𝑃 =

𝐸𝑅

𝜂𝐻
× 𝑁𝐺𝑅 × 𝑡𝑂 

(4.51) 

The pre-heating system is a heat exchanger that recovers waste heat to pre-heat the 

incoming city water. The cost of a pre-heating system is calculated as (Eq. 4.52): 

 𝐶𝐻𝑅 = 𝐴𝐻𝐸 × 𝐶𝐻𝐸  (4.52) 

The total cost of the solar flat-plate collector water heating system throughout its useful 

life is selected and calculated as a performance indicator for the economic analysis 

herein. To illustrate the general cost trends, some simplifying assumptions are made. It 

is assumed that all initial investment costs for the solar flat-plate collector water heating 

system are incurred at the beginning of the project. The average life expectancy of gas 

heater is typically lower compared to solar flat-plate collectors. However, since the gas 

heater is used in conjunction with solar collectors, it is assumed that the heater will be 

used less often and hence, have a prolonged life. The period of the economic analysis 

(useful life of the system) is taken as 25 years [98]. This analysis assumes a linearly 

increasing cost of solar collectors, which may not be realistic. The operation and 
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maintenance costs of solar flat-plate collectors are assumed to be constant throughout 

the useful life and equal to 2% [99] of the initial capital cost. The maintenance costs of 

the auxiliary gas heating system and heat recovery system is assumed to be negligible 

and is not considered in the cost analysis. Both replacement cost and salvage value of 

the solar flat-plate collector water heating system are ignored in this cost analysis.  

The present worth (PW) of all costs calculated in Eq. 4.46 is calculated using Eq. 4.53:  

 

𝑃𝑊 = ∑
1

(1 + 𝑑)𝑗

25

𝑖=1

 

(4.53) 

Annual cost savings offered by solar flat-plate collector water heating system described 

in Table 4.3 is calculated as (Eq. 4.54): 

 
𝐶𝑆 =

(𝐸𝑤𝑖𝑡ℎ 𝑠𝑜𝑙𝑎𝑟 − 𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑠𝑜𝑙𝑎𝑟) × 𝑁𝐺𝑅 × 𝑡𝑂

𝜂𝐻
  

(4.54) 

The annual cost savings are calculated based on the following assumptions: natural gas 

is used as the fuel for providing auxiliary water heating energy, and energy savings are 

calculated by comparing the system shown in Figure 4.3 with a natural gas heating 

system with a pre-heater.  

Savings-to-investment (SIR) ratio is defined as the ratio of the present value of the total 

annual savings throughout the useful life to the present value of total life-cycle costs 

(Eq. 4.55): 

 
𝑆𝐼𝑅 =

𝑃𝑊{𝐶𝑆−𝑙𝑖𝑓𝑒}

𝑃𝑊{𝑇𝐶𝑙𝑖𝑓𝑒}
  

(4.55) 

A SIR greater than one indicates that a solar flat-plate collector system is economically 

feasible. Cost parameter values used in the economic analysis are summarized in Table 

4.4.  
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Table 4.4: Cost parameters for the economic analysis 

Description Symbol Value 

Area-dependent cost ($/m2) 𝐶𝑎  *750 [100] 

Area-independent cost ($) 𝐶𝑓  5,000 [100] 

Cost of natural gas heater ($/kW) 𝐶𝐻  102.36  [101] 

Efficiency of gas heater 𝜂𝐻  0.8 [64] 

Annual operating days  𝑡𝑜  365 

Cost of heat exchanger ($/m2) 𝐶𝐻𝐸  900 [102] 

Discount rate (%) D  5 [103] 

* Collector area-dependent costs are reported in the range of $250 to $1100 /m2 [104]. A higher 

value is used in this analysis as a conservative estimate.  

 

4.5.4.1.  Total Life-Cycle Cost for Different Collector Areas at Different Locations 

The present worth of the total life-cycle cost of the solar flat-plate collector water 

heating system described in Table 4.3 was calculated for different collector area values 

and is reported in Figure 4.10. The cost calculations were performed using climate data 

for Honolulu, Omaha, and Anchorage—locations with maximum, median, and 

minimum annual average solar fractions, respectively, as discussed in Section 4.5.1.  

Cost parameters summarized in Table 4.4 were used to calculate the total cost of the 

system. The price of natural gas (𝑁𝐺𝑅) was assumed as the average industrial natural 

gas price for each location over the past three years (2015-2017), as reported by the US 

EIA [67].  

As defined in Eq. 4.48, the installation cost of solar flat-plate collectors increases 

linearly with increasing collector area. This cost is assumed to be the same for all three 

locations. Similarly, since a constant heat exchanger area is used, the cost of pre-

heating system remains same for all collector area values and for all locations. The only 

cost values that vary with locations are the installation and operation costs of the 

auxiliary gas heating system (shown in Figure 4.9).  

As discussed in Section 4.5.2, with an increase in collector area, a higher solar fraction 

is achieved, and less natural gas is required to satisfy the heating demand, resulting in 



 

74 

 

a smaller auxiliary heating system and lower associated cost. As discussed in Section 

4.5.1, for a given collector area, the solar fraction achieved by the system is largest for 

Honolulu, followed by Omaha and Anchorage. Therefore, the system in Honolulu has 

a lower auxiliary energy cost, followed by Omaha and Anchorage. For the same reason, 

it is expected that the value of energy and cost savings achieved by the system will be 

largest for Honolulu, followed by Omaha and Anchorage for the same collector 

installation cost.  

 

Figure 4.2: Effect of collector area on life-cycle cost of an auxiliary gas heating 

system for three selected locations 

Initially, the life-cycle cost of a gas heating system (up to collector area of 10 m2) is 

higher in Honolulu compared to Omaha and Anchorage. The higher initial cost is due 

to the higher natural gas price in Honolulu (0.057 $/kWh) compared to Omaha (0.021 

$/kWh) and Anchorage (0.018 $/kWh).  

The sum of present values of life-cycle costs of all three individual components (solar 

collectors, pre-heating system, and auxiliary gas heating system) is calculated for all 

three locations at different collector area values and is shown in Figure 4.10. Because 

natural gas is expensive in Honolulu and because a larger solar fraction can be achieved 
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at relatively low collector area in Honolulu, total life-cycle cost can be reduced by 

adding solar collector area (up to collector area of 80 m2 in this case). However, as 

shown in Figure 4.6, the rate of increase in solar fraction achieved by the system per 

unit collector area increase decreases with increasing collector area beyond 80 m2. 

Beyond this point, the auxiliary energy cost savings achieved upon further addition of 

solar collectors becomes smaller than the marginal collector installation cost, resulting 

in an increase in the total system cost. This results in a minimum total life-cycle cost 

for a collector area of 80 m2 in Honolulu (corresponding solar fraction = 90%, 

corresponding SIR = 0.83). 

However, a different trend is observed for Omaha and Anchorage. As discussed in 

Section 4.5.2, the rate of increase in solar fraction per unit collector area increase is 

smaller for Omaha and Anchorage compared to Honolulu. Additionally, the price of 

natural gas for both locations is lower compared to Honolulu. Due to the combination 

of these two factors, the cost of installing solar collectors becomes higher than the 

auxiliary energy cost savings achieved by the system. Hence, an increasing trend for 

total life-cycle cost is observed. The present value of total life-cycle cost (for Omaha 

and Anchorage) is smallest for collector area of zero m2 (no solar thermal system, 

preheating system, and gas burner only). This indicates that for the price of natural gas 

used in this analysis, it is advantageous, in terms of total life cycle cost, not to install 

solar collectors.   
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Figure 4.10: Effect of collector area on total life-cycle cost of a solar thermal energy 

system for three selected locations 

A Summary of the economic analysis of the system described in Table 4.3 is presented 

in Table 4.5 below for all three locations. For the system with same collector area and 

pre-heating system size (same collector and pre-heating system cost), the total life-

cycle cost is largest for Anchorage, followed by Omaha and Anchorage, respectively. 

As would be expected, the annual savings are also largest for Honolulu, followed by 

Omaha and Anchorage.  

Table 4.5: Solar-gas heating system savings summary (collector area of 70 m2) 

Description Honolulu Omaha Anchorage 

Collector installation cost $57,500 $57,500 $57,500 

Pre-heating system installation cost $13,500 $13,500 $13,500 

Gas heater installation cost $6,360 $17,600 $24,715 

Present value of total life cycle cost $114,335 $126,290 $137,215 

Annual operation cost of the system* $2,450 $2,495 $2,750 

Annual cost savings $6,305 $1,505 $810 

CO2e savings (tons/year) 15.73  10.01 6.39  

Savings-to-investment ratio 0.74 0.17 0.09 
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Simple payback (years)** 12.27 59.02 118.21 

*Annual operation cost is the sum of collector operation cost and gas heater operation cost. 
**Annual operation cost of solar collectors is not considered in calculation of simple payback. 

 

The minimum total life-cycle cost approach is useful in helping industry practitioners 

dimension the collector size based on the present worth of the total life-cycle cost. A 

similar analysis can be done to dimension the collector size based on the highest SIR 

value or lowest payback period.  

4.5.4.2.  Incentives Analysis 

According to the U.S. Consolidated Appropriations Act [105], industrial solar energy 

projects that are installed by 2019 are eligible for a 30% federal investment tax credit 

(ITC) on the total investment [106]. This credit rate declines in subsequent years (e.g., 

26% in 2020 and 22% in 2021). Beyond 2021, a 10% credit is scheduled for 

commercial and utility systems [106]. The total life-cycle cost of the solar flat-plate 

collector water heating system using climate data for Honolulu was recalculated after 

discounting the 30% ITC and is shown in Figure 4.11. It is seen that after applying ITC 

incentives, the minimum total life-cycle cost was obtained for a collector area value of 

90 m2 (solar fraction of 95.5%) instead of collector area of 80 m2. A larger collector 

area indicates larger solar fraction and hence, less use of natural gas for auxiliary 

heating. Annual energy savings for this increased collector area was found to be $7,265. 

The corresponding SIR value was found to be 1.17, which indicates an economically 

viable investment. Similarly, the payback period (for a collector area of 90 m2 after 

discounting incentives) was found to be 8.63 years.  
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Figure 4.11: Total life-cycle cost before and after federal incentives using climate 

data for Honolulu 

The economic performance indicators presented in Table 4.5 were recalculated after 

discounting for ITC incentives and are presented in Table 4.6. It can be seen, although 

the ITC incentives improved the SIR for all locations (32.4% increase for Honolulu, 

23.5 % increase for Omaha, and 11.1% increase for Anchorage), it still not sufficient 

to justify the investment (as a SIR greater than 1 is considered worthy of economic 

investment). Several factors, such as collector-area dependent cost and price of natural 

gas contribute to this low SIR value; these effects are explored in the following section. 

Similarly, although the payback period was reduced by 11.5 years for Omaha and by 

21.3 years for Anchorage, it is still too long to justify the investment; as the useful life 

of the system is assumed to be 25 years.    

Table 4.6: Savings summary after applying ITC incentives (collector area of 70 m2) 

Description Honolulu Omaha Anchorage 

Present value of total life cycle cost $97,085 $109,240 $119,965 

Savings to investment ratio 0.98 0.21 0.10 

Simple payback (years)* 9.53 47.53 96.9 

*Annual operation cost of solar collectors is not considered in calculation of simple payback. 
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4.5.4.3.  Sensitivity Analysis 

A sensitivity analysis is performed to determine how the values of dependent variables 

change due to changes in independent variables. The one-factor-at-a-time (OFAT) 

[107] sensitivity analysis method is applied, where all input parameters are held 

constant except for one, which is varied using pre-determined low and high parameter 

values to evaluate the change in the model output values. The SIR of the solar flat-plate 

water heating system described in Table 4.3 is calculated and reported in Figure 4.12 

for the following factors: natural gas cost rate, auxiliary gas heater cost per kW rating, 

collector area-dependent cost, heat exchanger cost per unit area, and discount rate. All 

input parameters were changed ±30% from the base case mentioned in Table 4.4. 

Similar to the above, the analysis was performed using climate data for Honolulu using 

a collector area of 90 m2. The installation cost of solar collectors was calculated after 

discounting 30% ITC.  

 
Figure 4.12: Sensitivity of the savings to investment ratio to different cost variables 

It can be seen that SIR is most sensitive to natural gas cost followed by collector area-

dependent cost, discount rate, pre-heating system cost, and auxiliary gas heater cost, 

respectively. As shown in Eq. 4.55, one of the most critical factors that directly affect 

the SIR value is the cost savings offered by solar flat-plate collectors. This cost savings 

value is calculated by comparing the solar-flat plate collector system with a gas-fired 

heating system, which is directly impacted by the natural gas fuel rate. Hence, the SIR 

0.4 0.593 0.786 0.979 1.172 1.365 1.558

Natural gas fuel rate ($/kWh)

Collector area-dependent cost ($/m2)

Discount rate (%)

Cost of pre-heating system ($/m2)

Cost of natural gas heater ($/kW)

Savings to investment ratio (SIR)

30% decrease

30% increase

27.4% 29.1% 

27.4% 17.9% 

10.3% 9.4% 

4.3% 4.3% 

0.9%

% 

0.9% 
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is most sensitive to the natural gas fuel price. Similarly, the solar flat-plate collectors 

followed by the pre-heating system and natural gas heater contribute the largest fraction 

of initial installation cost. Hence, the SIR is more sensitive to collector area-dependent 

cost followed by cost of pre-heating system and cost of natural gas heater. This analysis 

can help industry practitioners assess the economic feasibility of solar flat-plate 

collector water heating systems based on the SIR ratio. Additionally, the sensitivity 

analysis can be used to understand the uncertainties associated with the input variables 

and incorporate those uncertainties in the decision making process.  

4.6. Conclusions 

A review of existing literature shows that there is a dearth of simplified decision 

support tool to support small and medium sized manufacturing to assess the technical 

and economic feasibility of solar flat-plate collector energy systems in their businesses. 

Most of the available feasibility assessment methodologies are simulation-based that 

are expensive and require higher computation speed and technical knowledge to 

operate. Moreover, such methodologies often in their cost and energy calculation model 

do not consider the possibility of waste heat recovery that exists in an industrial facility. 

To contribute in filling this research gap, a feasibility assessment methodology was 

presented in this paper.  

The �̅�, 𝑓-chart method and modified �̅�, 𝑓-chart design method were used to predict the 

amount of energy collected by the solar collectors. To assess the economic feasibility 

of solar flat-plate collector energy systems, a simplified cost model was presented, 

where the total cost of solar flat-plate collector energy system is expressed as sum of 

three major components: flat-plate collectors, auxiliary gas heater, and pre-heating 

system. The methodology was demonstrated using a decision support tool developed 

in MS Excel by exploring several what-if scenarios and performing a sensitivity 

analysis. 

The solar fraction achieved by a typical solar flat-plate collector water heating system 

was calculated for different climate regions by considering eleven cities across the US. 

A maximum annual average solar fraction of 82.6% was obtained for Honolulu, HI, 

and minimum solar fraction of 33.6% was obtained for Anchorage, AK. Similarly, the 
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solar fractions for various collector sizes were calculated using climate data for 

Honolulu, Omaha, and Anchorage to explore the effect of increasing collector area on 

annual average solar fraction values.  

The total life-cycle cost of a solar flat-plate collector water heating system was 

calculated for different collector area values using climate data for Honolulu, Omaha, 

and Anchorage. A minimum total cost was found for collector area of 80 m2 for 

Honolulu. However, the minimum total cost for both Omaha and Anchorage was found 

for collector area of 0 m2, which indicates that it is advantageous in terms of total life 

cycle cost to not install solar collectors. After discounting for federal incentives, a 

minimum total cost was found for a collector area of 90 m2 Honolulu. The increased 

collector area resulted in an increase in annual average solar fraction and hence, 

reduction in annual average natural gas usage. A sensitivity analysis of savings-to-

investment ratio (SIR) was performed by changing selected input parameters by ±30% 

from the base case. It was found that the SIR ratio was most sensitive to natural gas 

fuel rate followed by collector area dependent cost, discount rate, cost of pre-heating 

system, and cost of auxiliary gas heater. This suggests that locations with higher natural 

gas fuel rate are more suitable for application of solar flat-plate collector energy 

systems.  

The MS Excel-based decision support tool is easy for practitioners to apply and requires 

less computational power compared to simulation-based tools. The scenario analysis 

presented within the tool can help industry practitioners identify whether solar flat-

plate collectors would be adequate for energy collection with respect to their location 

and climate. Furthermore, the tool can be used to dimension the size of collectors based 

on the desired solar fraction. The cost calculation model presented within the tool can 

be easily manipulated to obtain a combination of solar flat-plate collectors, natural gas 

heating system, and preheating system with lowest possible total cost. Lastly, the 

sensitivity analysis presented in the tool can be performed to understand the 

uncertainties associated with the input variables.  
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4.7. Nomenclature 

a Coefficient defined in Equation 24 

a* Coefficient defined in Equation 15 

AC Collector area (m2) 

AHE Heat exchanger area (m2) 

b Coefficient defined in Equation 25 

b* Coefficient defined in Equation 26 

c Coefficient defined in Equation 15 

CA Collector area-dependent cost ($ m-2) 

Cf Collector area-independent cost ($) 

CFPC Cost of solar flat-plate collectors ($) 

CGH Cost of auxiliary gas heating system ($) 

CH Cost of auxiliary gas water heater per kW rating ($ kW-1) 

CHE Cost of heat exchanger per unit area ($ m-2) 

CGI Installation cost of gas water heater ($) 

CHR Total cost of pre-heating system ($) 

CL Coefficient defined in Equations 39 and 40 

Cmin Minimum capacitance rate for a heat exchanger (W °C-1) 

CO&M Collector operation and maintenance cost ($ year-1) 

COP Operating cost of auxiliary gas heating system ($ year-1) 

cp Specific heat (kJ kg-1 °C-1) 

CS Cost savings ($ year-1) 

CSI Initial system cost of solar flat-plate collectors ($) 

CS-life Cost savings over useful life ($) 

d Discount rate (%) 

Ewithout solar 

Energy consumed by a natural gas water heating system with a pre-

heating system (kWh year-1) 

Ewith solar 

Energy consumed by a solar flat-plate collector water heating system 

(kWh year-1) 
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f Solar fraction 

FR Collector overall heat removal efficiency factor 

g Coefficient defined in Equation 42 

GSC Solar constant 

�̅� 

Monthly average daily total solar radiation on a horizontal surface (J m-

2) 

𝐻𝑑
̅̅ ̅̅  Monthly average daily diffuse radiation (J m-2) 

𝐻𝑜
̅̅̅̅  Monthly average daily extraterrestrial radiation (J m-2) 

𝐻𝑡
̅̅ ̅ 

Monthly average daily total solar radiation on the collector surface (J 

m-2) 

Imin Minimum critical radiation level (W) 

𝐾𝑇
̅̅̅̅  

Ratio of monthly average total to the monthly average extraterrestrial 

radiation on a horizontal surface 

L Monthly heating load (J) 

Ls Useful load supplied by solar collectors (J) 

M Mass of liquid stored (kg) 

N Number of days in a month 

n Number of days in a year 

NGR Price of natural gas ($ kWh-1) 

PW Present worth ($) 

Qmax Maximum total energy collection (J) 

Qst Storage tank monthly energy losses (J) 

quseful Rate of useful energy (W) 

�̅� 

Ratio of monthly average daily total radiation on a tilted surface to that 

on a horizontal surface  

𝑅𝑏
̅̅̅̅  

Ratio of average daily beam radiation on a tilted surface to that on a 

horizontal surface  

Rb, n 

Ratio of beam radiation on a collector surface to that on a horizontal 

surface for the noon hour  
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rd, n 

Ratio of diffuse solar radiation at noon to the total solar daily radiation 

for the month central day  

Rn 

Ratio of radiation on a tilted surface to that on a horizontal surface at 

noon  

Rs 

Ratio of standard storage heat capacity per unit of collector area to the 

actual storage capacity per unit of collector area 

rt, n Ratio of radiation at noon to the daily total radiation  

SIR Savings to investment ratio 

SGH Gas water heater energy rating (kW) 

Ta Monthly average ambient temperature (°C) 

Tenv 

Monthly average ambient temperature at the location of the storage tank 

(°C) 

Ti Fluid inlet temperature for the collector (°C) 

Tmains Temperature of make-up water (°C) 

Tmin Minimum useful fluid temperature for a target process (°C) 

𝑇�̅� Monthly average storage tank temperature (°C) 

to Annual operating days 

T 'min Temperature necessary to meet a fraction f of the average load rate (°C) 

TC Total cost ($) 

TClife Total life-cycle cost ($) 

∆𝑡 Number of hours in a month  

UL Collector overall heat loss coefficient (W m-2 °C-1) 

(UA)a Auxiliary tank conductance for heat loss (W °C-1) 

(UA)t Pre-heat tank conductance for heat loss (W °C-1) 

X Dimensionless variable defined in Equation 29 

𝑋𝑐,𝑚𝑖𝑛
̅̅ ̅̅ ̅̅ ̅̅  Minimum monthly average critical radiation ratio 

Y Dimensionless variable defined in Equation 27 

Z Dimensionless variable defined in Equation 38 
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Greek 

𝛼 Absorptance 

𝜏 Transmittance 

(τα)̅̅ ̅̅ ̅̅  Monthly average energy weighted transmittance-absorptance product 

(τ α)n Transmittance-absorptance product for radiation at normal incidence 

𝜙𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅ Maximum monthly average daily collector utilizability  

δ Declination 

𝜔𝑠 Sunset hour angle (degrees) 

Φ Latitude (degrees) 

β Collector tilt angle (degrees) 

γ Surface azimuth angle (degrees) 

𝜌𝑔 Ground reflectance 

�̅� Monthly average daily utilizability  

휀𝐿 Effectiveness of load heat exchanger 

𝜂𝐻  Efficiency of gas water heater (%) 
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Chapter 5. Conclusions 

5.1. Summary 

The improvement of collector technology in recent years has made solar thermal energy 

systems a cost effective alternative for low temperature process heat generation. Yet, 

there is a low adoption of solar thermal energy technologies in US manufacturing 

industries. Business owners will want to invest on solar thermal technologies if they 

see a clear economic benefit after performing site-specific feasibility studies. However, 

the cost and demand of technical resources required to conduct the feasibility study 

itself has made business owners reluctant towards analyzing the possibility of solar 

thermal energy systems. There is a lack of readily available cost-effective design 

decision support tools that can be used by industry analysts to appraise the merits of 

solar thermal energy systems. This research was undertaken with a goal of lowering 

the barrier for deployment of solar thermal energy systems for industrial process 

heating applications. The following tasks were undertaken as a part of this research.  

Task 1: A set of designed experiments of a solar/gas hybrid domestic water heating 

system was performed under different modes of heating, temperature lifts, and solar 

insolation values. Using the collected data, the following performance metrics were 

calculated: solar collector efficiency, gas-fired heater efficiency, and solar/gas 

combined system efficiency. Results of the experimental study was used to identify a 

system configuration that would provide higher overall system efficiency when 

operating the hybrid system in combined solar/gas heating mode.  

Task 2: A design decision support tool to assist industry analysts in evaluating the 

feasibility of solar flat-plate collector energy systems for industrial process heating was 

developed and presented in this research. To support the economic analysis, a cost 

model was developed and presented. A sensitivity analysis was presented to quantify 

the uncertainties associated with the input parameters. The use of the decision support 

tool along with the analysis of several what-if scenarios was demonstrated through an 

example application. 
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5.2. Conclusions 

The experimental study of solar/gas hybrid water heating system under different 

temperature lift and solar inputs provided insight on the operational characteristics of 

hybrid systems. Moreover, the experimental study provided an understanding of which 

process heating loads might be best served with solar/gas hybrid system based on site 

insolation and gas prices, providing a basis for developing performance and cost 

prediction methodologies. When operating the hybrid system in a combined solar and 

gas heating mode, it was found that the energy consumed by the gas fired heater per 

degree temperature rise of process fluid increased with increase in solar input, 

suggesting that the hybrid system is less efficient in combined heating mode. This 

enabled the understanding of how the hybrid system behaves when operating in a 

combined solar and gas mode, while providing opportunities to identify system 

configurations with higher efficiencies. 

The use and development of design decision support tool presented in Chapter 4 of this 

thesis enabled the analysis of several what-if scenarios under which solar thermal 

systems can be feasible. The performance comparison of solar thermal systems at 

different locations and climate regions presented within the tool provided the 

understanding of how energy collected by solar collectors varies with solar radiation 

values as well as helped in the identification of locations that are suitable for application 

of solar thermal energy systems. The sensitivity analysis presented within the tool 

showed that the savings to investment ratio (SIR) is most sensitive to natural gas fuel 

rate, suggesting that locations with higher natural gas prices are more suitable for 

application of solar thermal systems. The cost calculation model presented within the 

tool enabled the identification of a combination of solar flat-plate collectors, natural 

gas heating system, and preheating system with lowest total life-cycle cost.  

5.3. Contributions 

Presented work has made several contributions to the industrial and academic research 

community as described below.  
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Contribution 1: Experimental data on the thermal performance of solar/gas hybrid 

water heating system is presented in Chapter 3 of this thesis. Results of the 

experimental study serve as a benchmark for future experiment-based studies and can 

be used to identify potential areas of opportunity for improving design of solar/gas 

hybrid water heating systems. A system configuration that would provide higher 

overall system efficiency when running the solar/gas hybrid system in combined solar 

and gas heating mode was proposed in Chapter 3. This proposed system configuration 

offers natural gas energy savings when the solar/gas hybrid water heating system is 

operating at low and mid-range (15 to 50%) solar fraction, while enabling an easier and 

more accurate prediction of the actual energy and cost savings offered by hybrid system 

under various design conditions. The proposed configuration can be used as a design 

benchmark for conducting feasibility assessment of solar/gas hybrid water heating 

systems.  

Contribution 2: A design decision support tool for feasibility assessment of solar 

thermal energy systems for industrial process heating was presented in Chapter 4 of 

this thesis. The design decision support tool enables small and medium sized enterprise 

to design and appraise the merits of solar thermal energy system in their business. The 

performance estimation and cost calculation model presented within the decision 

support tool can be used by enterprises to analyze various what-if scenarios under 

which solar thermal systems might be cost-effective. The sensitivity analysis presented 

within the tool can be used to quantify uncertainties associated the input variables and 

understand their implications in the decision. The cost model presented in the tool can 

be used to identify a system design with minimum life-cycle cost.   

5.4. Opportunities for Future Research 

The following opportunities for future research that have been identified as a direct 

result of this research: 

Opportunity 1: Experimental study of the solar/gas hybrid water heating system 

presented in Chapter 3 of this thesis is based on limited climate data (Summer 2017 in 

Corvallis, Oregon). To accurately predict the annual performance of such hybrid 

systems, year-round experimental studies should be performed under different weather 
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conditions. This can be accomplished by: 1) monitoring the performance of the system 

every day for one full year, and 2) calculating the performance metrics using the 

collected data.   

Opportunity 2: The feasibility assessment methodologies presented in Chapter 4 

require manual observations of total life-cycle cost graphs to identify system designs 

with minimum life cycle cost. The graphs are plotted using data points at fixed intervals 

(multiples of 10). Hence, the system design obtained is only “close to optimal.” 

Furthermore, only one criterion (total life cycle cost) is used to dimension the system. 

Future studies can consider multi-criteria (minimize total life cycle cost and maximize 

life-cycle savings) optimization approaches to identify optimal system designs. To 

perform design optimization, detailed mathematical models of the objective function 

and constraints need to be developed first. Then after, the next step would be to develop 

algorithms to solve the mathematical models.   

Opportunity 3: The feasibility assessment methodology presented in Chapter 4 is 

limited to solar flat-plate collectors, which are limited to low temperature (<100 °C) 

heating applications. A large fraction (27%) of industrial process heating applications 

require temperature in the range of 100 to 400 °C which can be easily met by medium 

and high temperature solar collectors, such as evacuated tube collectors (ETCs) and 

concentrating solar power (CSP) collectors. Future work can expand and present 

feasibility assessment methodologies for ETCs and CSP collectors. This can be 

accomplished by: 1) reviewing existing solar thermal performance prediction models 

in the literature and identifying appropriate models for ETCs and CSP collectors, 2) 

developing appropriate cost calculation models, 3) documenting thermal performance 

prediction and cost calculation model in spreadsheet platforms, and 4) validating the 

models by comparing the results with the results of simulation based software. 
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