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Designing a Device for Industrial Boilers Efficiency Monitoring        

and Analysis 

By 

Abdullah Ahmad Khalil Tahnat 

Supervisor 

 Dr. Mohammad Alsayed 

Abstract 

This study aims at calculating the gross and net efficiency of the boiler, 

monitoring the pressure and temperature of water entering and leaving the 

boiler and monitoring the amounts of water, gas and electricity consumed 

from the boiler.  

In order to achieve these goals, water temperature and pressure transmitters 

were installed on the inlet and outlet of the boiler. In addition, flow meters 

were installed to read the amount of water and gas, and electricity meter to 

read electric power consumed by the boiler. These transmitters, meters and 

smart recorder are manufactured by Schneider Company specializing in the 

production of various electrical products, especially in the fields of 

automation and industrial control.  

The transmitters were selected based on their design to withstand the high 

temperature and pressure of the vapor outgoing from the boiler. The meters 

for electricity, water and gas were selected based on the factory 

consumption. To achieve the main objective of the study, which is to 

calculate the efficiency of the boiler and monitor these parameters 

continuously, either directly or remotely through a mobile application, 

these transmitters and meters were connected with a smart recorder.  

https://scholar.google.com/citations?user=M95FpDYAAAAJ&hl=en
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It is found that the gross and net efficiency vary from day to day for several 

different reasons , including the duration of the boiler operation, the 

temperature of the inlet water, the amount of feed production (the required 

amount of steam) and the heat exchange inside the boiler room. 

Furthermore, the gross efficiency of the boiler ranges from 54.85% to 

86.91%, while the net efficiency ranges from 54.18% to 82.74%. 

A technical and economic study was carried out to install a solar water 

heating system to heat the water entering the boiler by the sun leading to 

save the amount of gas discharged and raise the efficiency of the boiler. 

The cost of this project is estimated at 10,675 $ with an estimated life of 20 

years, saving 2195 $ per year from the cost of gas and a recovery period of 

4.9 year. 

By designing the program, the owner of the factory can take instantaneous 

readings of temperature and pressure for the incoming water and steam 

leaving the boiler, and take daily readings of the consumption of water, 

electricity and gas, thus it is possible to know the consumption of water, 

gas and electricity to produce one ton of animal feed , and this enables him 

to improve the thermal system to reduce cost. 

It also helps the owner of the facility in how to set the price one ton of 

animal feed, and calculate the profits for it, so that all the factory 

operational costs are known. 
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Chapter One 

Introduction 

1.1 Energy Crises 

Fossil fuels are main sources of energy around the world from the 

industrial revolution until now. Also, they are not renewable energy, their 

quantity is decreasing every day, since the consumption of global energy is 

increasing by 2% every year, and it is expected that fossil fuel depletion 

will be more critical by 2042 and coal by 2112 [1]. 

Energy is the stability of the economy in the developed countries, so it is 

normal for countries to compete to seize control of these resources. To 

achieve this goal, the sales of arms and armament increased in these 

countries to control the oil resources, especially in the Middle East leading 

to several global and local political conflicts between several countries 

such as the Cold War between the Soviet Union and the United States of 

America, the war between Israel and the Arab states in 1967 and 1973, the 

war between Iraq and Iran in 1980 and the Gulf War in 1990 [2]. 

Global consumption continues to grow with population growth and 

continuous development in various areas of life despite improved energy 

efficiency. The sources from which energy is obtained differ, but the most 

dominant sources in the world can be summarized as in figure 1.1. 
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Figure (1.1): World energy consumption for different energy types [3]. 

Figure 1.1 shows global consumption of each source with future 

projections based on ―U.S. Energy Information Administration‖ statistics 

and analysis. However, it is obvious that fossil fuel is still the main source 

of energy in the world, and will be the only one in the near future. Energy 

consumption continues to grow year after year due to population growth, 

the development of industries and increased transportation. Figure 1.2 

shows how energy demand has increased in the past and future in the most 

energy-consuming sectors: industrial, transportation and buildings [3].  

 

Figure (1.2): World energy consumption by end-use sector [3]. 
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The increase in energy consumption is related to modern societies which 

have become remarkably dependent on energy in several fields, notably 

industrial and transportation. This development has led to higher 

consumption of energy per capita in modern societies than other societies 

[4]. 

1.2 Environmental Problems 

In recent decades, the problem of global warming has emerged, which has 

led to a rise in global temperatures and this will change the different 

aspects of life especially climate change. Greenhouse gases (carbon 

dioxide, methane and others) resulting from the use of fossil fuel to 

produce energy in their various forms are the main cause of global 

warming. To mitigate this impact on the world, fossil fuel consumption and 

non-renewable sources should be reduced in energy production as much as 

possible. Instead it is imperative to increase the use of clean energy sources 

in energy production. Another problem related to greenhouse gases is the 

ozone hole, which reached 38% in the winter of 2010-2011 and then began 

to shrink to 27% in the winter of 2015-2016, so the ozone layer is expected 

to return to normal in the mid-2030. Delaying its return to normal is due to 

greenhouse gases, so reducing greenhouse gases will help the ozone layer 

back to normal faster [5,6]. 

Another environmental problem is acid rain, which occurs when Sulfate 

and Nitrate are produced due to fuel and coal burning. Sulfate and Nitrate 

precipitate and descend with rain, affecting plants and buildings. Sulfur 
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dioxide and Nitrogen Dioxide are produced from energy production, 

transportation and industrialization [7]. 

1.3 Industrial Heating Loads in Palestine 

The use of energy in the industrial sector is diverse and depends mainly on 

the requirements of the plants (raw materials, the method of production, 

storage and distribution of the product). The use of thermal energy is an 

essential part of most factories; it is used to convert water into hot water or 

steam, as well as their uses in heating the facility in general. 

The consumption of Palestine in the industrial sector is 3985.2 Tera 

joule (TJ) of the total 70563.1 TJ, which is the total consumption of energy 

in Palestine, equivalent to 5.6%. The industrial sector in Palestine relies 

mainly on electricity at an annual consumption of 2468.2 TJ and secondary 

on LPG with an annual consumption of 547.4 TJ. Table 1.1 shows 

Palestine's consumption of energy by different sectors. 

Table 1.1: Energy Performance Indicators in Palestine, 2014-2019 [8]. 

Indicator 
Year 

2014 2015 2016 2017 2018 2019 

Renewable energy share in 

the total final energy 

consumption (%). 

13.8 13.8 13.6 10.3 10.7 11.7 

Energy Dependency Rate 

(%). 
80.3 84.8 84.7 87.3 86.9 86.4 

The Energy Consumption 

of the Transport Sector to 

the total energy 

Consumption (%). 

48.7 43.6 45.6 46.6 45.4 43.2 

The Energy Consumption 

of the Household Sector to 

the total energy 

Consumption (%). 

38.4 41.4 39.7 38.4 38.0 38.8 

The Energy Consumption 

of the Service Sector to the 
7.6 8.5 8.8 8.8 9.8 11.3 
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total energy Consumption 

(%). 

The Energy Consumption 

of the Industry Sector to the 

total energy Consumption 

(%). 

4.2 5.2 4.8 5.4 6.1 5.6 

Annual Electricity 

Consumption Per Capita 

(kWh/Capita). 

1048 
1151

.4 
1141.9 1138.3 1148.7 1280 

Table 1.1 shows also the increase in energy consumption during the 

successive years (2014-2019), especially in the industrial sector, but in 

contrast, the contribution of renewable energy to the total energy consumed 

in Palestine decreases with successive years. On the environmental level in 

Palestine, the industrial sector contributes to the emission of carbon 

dioxide, methane and nitrous oxide. The     emission (ton) is 243.8 tons 

per year, or 5.4% of total emissions from all sectors [8]. 

The feed industry for livestock and poultry is part of the industrial sector in 

Palestine. The number of factories is 44, more than half of which are grain 

milling factories and packaging. Between 30-40% of the Palestinian market 

needs 284,000 tons of feed, and these factories rely on 100% raw materials 

imported from Israel [9]. 

Most of these factories rely on steam to produce feed, heat the water and 

convert it to steam boilers are used mostly fuel oil or liquefied petroleum 

gas, so the efficiency of these boilers must be increased for economic and 

environmental benefits. 

This research developed an efficiency-monitoring device and installed it on 

the boiler of the local feed factory, by monitoring and analyzing the 

pressure and temperature of the water entering the boiler, and the steam 
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coming out from it. In addition to measure the quantities of water, 

electricity consumed and fuel (LPG) in order to calculate the overall and 

net efficiency of the boiler based on these inputs. 

This device enables the user to display these results to the user on the same 

device through a display screen, or through a computer device or through 

an application specific to the device that can be downloaded on the mobile 

phone. The device, computer and mobile phone can be connected through 

the internet or local network and get the results directly. 

The device allows to set the period between each of two readings based on 

what the user wants and in this research this period was set to 30 seconds 

and the data was recorded for a whole month. 

The device allows downloading these results and the data collected on a 

computer for use in the analysis for other statistical, financial, technical and 

other purposes. This assists the factory management in drawing up its 

policy and building plans to determine the main directions of the factory. 

1.4 Case Study 

Al-Manar Animal Feed Factory is located in the town of Arraba - Jenin - 

the West Bank, and it was established in 1994.The factory uses grains as 

raw materials for the manufacture of fodder, where the grains are crushed 

and mixed together, and then packed and distributed directly or cooked 

using water vapor and pressed, and then packed and distributed.  
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The number of factory employees is six, 1 manger and 5 workers, the 

average monthly expenses is 50,000 NIS distributed over bills, salaries, 

materials, maintenance, transportation and insurances.  

The factory consumes electricity with a monthly bill of 7,000 NIS, the 

average consumption of LPG is 1975 litter per month, which is equal 5000 

NIS, the monthly average consumption of water is 100 cubic meter, which 

is equal 700 NIS, and the average monthly production of fodder is 400 

tons. 

1.5 Problem Definition  

Most of the measurements to determine the efficiency of the boiler in 

Palestine are done by the combustion analyzer, so they read the combustion 

efficiency at the time of the reading (instantaneous). Due to the facts that 

the load is often unstable (variable), the required steam pressure and 

temperature are also variable, and the fuel quality is different from one 

source to another. The measured efficiency is not representative, moreover, 

it is misleading most of the time, especially when the boiler operating 

conditions are variable. 

On the other hand, boilers owners and/or operators do not have any real 

time monitoring tool to keep their boilers efficiency under periodic checks. 

Thus, a suitable device for monitoring boilers efficiency and providing 

periodic notifications and predefined thresholds exceeding alarms is 

crucial. 
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1.6 Project Objectives 

The objectives to be achieved from the project include the following: 

1. Measuring boiler efficiency and monitoring water pressure and 

temperature, monitoring the amount of water, LPG and electricity 

quantities entering the boiler during any period desired by the user, 

knowing the real efficiency of the boiler and the possibility of 

improving it by knowing the places of loss. 

2. Knowing the amount of water, electricity and LPG during any day of 

the project period, and calculating the cost of these quantities on the 

factory. 

3. Calculating the cost of producing one ton of animal feed from knowing 

the cost of water, electricity and LPG. 
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Chapter Two 

Theoretical Background 

2.1 Industrial Boilers 

It is a device used to heat the water or convert it to steam. The spark of the 

idea of the boiler was a pot containing water and heated from the bottom. 

Furthermore, it is evolved due to the need to hot water and steam in 

industrial processes, and water or steam quantity of specific temperature 

and pressure demand. The evolution of boilers‘ industry is due to interests 

in its development and the increase in the surface area of the heating 

leading to increase the thermal transfer by making the tubes inside the 

boiler in a winding way [10]. 

2.1.1 Boilers Types 

Boilers can be classified into two main types:  

1. Fire Tube Boiler 

In this type of boilers, there is a tube of flame and around it water is heated 

or converted to steam. Also, there is an outlet for gases resulting from the 

combustion process and the outlet of hot water or steam. As shown in the 

figure 2.1: 
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Figure (2.1): Fire Tube Boiler [11]. 

This type of boilers is used in applications requiring low steam flow rates 

and with specific specifications in quantity, temperature and pressure [11]. 

2. Water Tube Boiler 

In this type of boilers, water inside the tube surrounded by fire, and water is 

converted to vapor by heat transfer of flame through the conduction and 

radiation unlike the fire tube. As shown in the figure 2.2: 

 

Figure (2.2): Water tube boiler [11]. 
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Most uses of Water tube boilers are in large industries that require high 

pressure and temperature [11]. 

For more comparison between two types, the table 2.1 shows the most 

important differences between fire tube boilers and water tube boilers. 

Table 2.1: Important differences between fire tube boilers and water 

tube boilers [12]. 

Comparison item Fire tube boilers Water tube boilers 

Position of water and 

hot gases 

Hot gases inside the 

tubes and water outside 

the tubes 

water inside the tubes and hot gases 

outside the tubes 

Mode of firing Generally internally fired Externally fired 

Operation pressure Operating pressure 

limited to 16 bar 

Can work under as high pressure as 

100 bar 

Rate of steam 

production 

Lower Higher 

Suitability Not suitable for large 

power plants 

suitable for large power plants 

Risk on bursting Involves lesser risk on 

explosion due to lower 

pressure 

Involves more risk on bursting due 

to high pressure 

Floor area For a given power it 

occupies more floor area 

For a given power it occupies less 

floor area 

2.1.2 Boiler Fuels 

Typically, the boiler is designed to operate on a particular type of fuel 

based on several factors in the plant namely: the thermal content of the 

fuel, its availability in various conditions, the storage of fuel and the 

environmental emissions resulting from combustion. Coal, fuel oil and 

liquefied petroleum gas (LPG) are among the most common fuels for 

boilers worldwide. There are also some new types of boilers that use 

unconventional sources as fuel, such as boilers that burn municipal waste. 
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Characteristics of fuel oil that its density is 0.978 kg / liter, the higher 

heating value is 43.5 MJ/kg, the flash point is 120.6 ° C and the molecular 

weight is as following (Carbon: 82.25 %, Hydrogen: 11.8 %, Oxygen:      

0.0 %, Nitrogen: 2% and Sulfur: 2.75% ) [13]. 

For LPG, the lower heating value is 46.6 MJ/kg, the higher heating value is 

50.15 MJ/kg, and the stoichiometric air/fuel ratio is 15.5 and the 

autoignition temperature Is 724 ° K [14]. 

With regard to coal, it has many sources and varies according to its main 

components, as there is no specific value for the gross calorific value of 

coal. In this reference, the researcher calculated the gross calorific value of 

five samples and the results ranged from 9.5 MJ/kg to 27 MJ/kg [15].  

The table 2.2 is a summary of the boiler efficiency, fuel price and the 

calorific value based on the type of fuel used for the boilers in average 

operating condition in Canterbury city, UK [16].  

Table 2.2: Comparison of Boilers by Type of Fuel Used. 

Type of Fuel Cost of Fuel Boiler Efficiency (%) Calorific Value 

Coal 0.167 $/kg 75 21 MJ/kg 

Light Fuel Oil 0.84 $/kg 78 42 MJ/kg 

LPG 2.8 $/kg 84 49.51 MJ/kg 

2.2 Liquefied Petroleum Gas (LPG) 

In the efficiency calculation of the case studied boiler, the fuel used was 

LPG. LPG is a mixture of propane and butane and some other compounds. 

There are two main sources of liquefied petroleum gas, namely: oil fields 

and refining barrels of oil several times to get it [17]. 
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2.2.1 Specifications of LPG 

As stated, propane and butane are the two main components of liquefied 

petroleum gas (LPG), which are in different percentages depending on the 

source and use of the gas. LPG used in the boiler was 70% butane and 30% 

propane. The value of the LPG density in the liquid state is 0.559 kg/liter, 

and the gross calorific value is 49.51 MJ/kg [18]. 

2.3 Combustion Process 

Fuel combustion is like any combustion, it as a chemical reaction between 

oxygen, carbon and hydrogen to produce heat, water and carbon dioxide. 

Fuel burns in two types of combustion, which are in the presence of oxygen 

only and the other is at presence of air.   

2.3.1 Combustion of fuel in oxygen 

The combustion equation is as follows: 

     +    
 

 
                + (

 

 
)  O + heat                                   (2.1)   

Where;   and   are integer numbers to balance the equation chemically 

[19].  

Since the atoms do not perish and are not created, the fuel interacts with 

oxygen and the combustion process produces water, carbon dioxide and 

heat with the same number of atoms entering the reaction. The combustion 

equation must be balanced as any other chemical equation, meaning that 

the number of moles of the materials entering the interaction with the 
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materials leaving it must be equal. In addition to the law of conservation of 

mass, it must be equal before and after the reaction process, according to 

the following [20]: 

1. For butane (     ): 

      +                + 5  O + heat                                                (2.2) 

Through the above equation, we notice that the number of moles is equal 

on both sides of the combustion equation, as the number of moles of carbon 

is 4, hydrogen 10 and oxygen 13.In addition, the atomic mass must be 

preserved on both sides of the equation, and since the atomic mass of 

carbon is 12, hydrogen is 1 and oxygen is 16, so the atomic mass of the 

reaction is 266, according to the equation (2.2): 

      +                + 5  O + heat                                                (2.2) 

[4(12) + 10(1)] + [13(16)]   4[12 + 2(16)] + 5[2(1) +16] = 266. 

2. For propane (    ): 

     +              + 4  O + heat                                                    (2.3) 

The above equation represents the complete combustion of propane with 

the presence of oxygen, and it is weighed in terms of moles, with respect to 

the atomic mass, it is equal to 204 on both sides of the equation. 
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2.3.2 Combustion of fuel in air 

If air is the source of oxygen in the combustion process, nitrogen is added 

to the equation and the combustion equation is as follows: 

     +    
 

 
       + 3.76    

 

 
      −−→         + (

 

 
)  O + 3.76 

   
 

 
      + heat                                                                       [19]       (2.4)       

Where;   and   are integer numbers to balance the equation chemically.  

The combustion process with the presence of air does not differ much from 

the presence of oxygen alone, but by adding nitrogen with oxygen (the 

main components of air) in the combustion process, as every 1 mole of 

oxygen corresponds to 3.76 moles of nitrogen. 

Since LPG consists mainly of propane and butane, the combustion in air as 

the following [20]: 

1. For butane (     ): 

The process of combustion of butane in the presence of air is as follows: 

      +         + 24.44            + 5  O + 24.44    + heat           (2.5)        

Through the combustion equation, the equation is balanced, meaning that 

the number of moles of the elements on both sides of the equation is equal, 

and the atomic mass of the equation is also equal on both sides of the 

equation and is equal to 950.32. 
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2. For propane (    ): 

The process of combustion of propane in the presence of air is as follows: 

     +       + 18.8            + 4  O + 18.8    + heat                    (2.6)        

As for the propane combustion equation, the equation is balanced and the 

atomic mass is equal on both sides of the equation, which is 730.4. 

2.4 Heating Value 

By comparing burning the same amount of fuel with the presence of 

oxygen on the one hand and with the presence of air on the other hand, the 

combustion of the fuel produces the same amount of heat, as some 

Nonreactive nitrogen molecules absorb a lot of the energy released from 

burning the fuel, and thus the energy produced preventing the combustion 

process with the presence of air is shared with more combustion products. 

It must also refer to two important terms, the first is the 

higher heating value (HHV) and the second is the lower heating value 

(LHV), where the first term refers to the heating value so that the produced 

water vapor is allowed to condense, and the resulting heat is calculated as 

part of the heating value. Whereas in the second term, the water remains 

steam and does not produce heat of evaporation. The incomplete 

combustion process is a result of the lack of oxygen or air in sufficient 

quantities in the combustion process, which leads to incomplete 

combustion of the fuel used in the combustion process, and the products of 
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the combustion process appear such as carbon, carbon monoxide or 

hydrogen [20]. 

2.5 Air-Fuel Ratio 

It is the ratio of air or oxygen that must be supplied to the fuel to ensure a 

complete combustion process, as the air-fuel ratio (A/F ratio) is called if the 

air was used in the combustion process, or the oxygen-fuel ratio (O/F ratio) 

is called if the oxygen is used in the combustion process. 

The air-fuel ratio can be calculated by dividing the atomic mass of air by 

the atomic mass of the fuel in the weighted equation, as well as by 

calculating the oxygen-fuel ratio. The A/F for butane is 15.38 and for 

propane is 15.6. If the amount of air or oxygen exceeds this amount 

(theoretical quantity), becomes combustion under excess air or oxygen 

conditions, and since air is free, easy to obtain and fuel is expensive, so it is 

important to burn the entire fuel using a larger amount of air (theoretical 

quantity), and here appears the term excess air that most burners operate on 

it. The excess air for natural gas and for LPG is (5 to 10) % [20]. 

There are several factors that affect combustion efficiency such as: 

1. Flow gas temperature, the higher the temperature the lower the 

efficiency. 

2. Fuel specification, what's the components of fuel and the source of it. 

3. Ambient air temperature, higher the temperature the lower the 

efficiency. 
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4. Radiation, convection and conduction losses from boiler. 

2.6 Boiler Efficiency 

Most boilers are 65% to 85% combustion efficient. As energy is conserved, 

most of the heat is transferred to the water to heat it (65% to 85%), while 

the other part is different losses so that there is no practical benefit from it 

[21]. 

The determination of the efficiency of the boiler can be done in one of two 

ways according to The American Society of Mechanical Engineers 

(ASME) Power Test Code 4.1 (PTC-4.1-1964).There are the Input-Output 

Method and The Heat-Loss Method [22]. 

2.6.1 Input-Output Method 

Input-Output Method also called direct method, efficiency is calculated as 

illustrated in equation (2.7) and (2.8) below:   

Boiler efficiency (%) = 
            

           
 x 100%                                             (2.7)        

= 
                                                         

                                                  
 x 100%                  (2.8)        

This is the simplest method for determining the efficiency of the boiler, as 

the fuel is burned and the heat produced is calculated, and how much of 

this heat the water gained is calculated during a certain period, as in Figure 

2.3 [23]. 
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Figure (2.3): Input-Output (Direct) Method. 

The definition of enthalpy expressed generally as the sum of internal 

energy per unit mass and the product of pressure and specific volume [24]. 

The advantages of this method are that plant workers can quickly assess 

boiler efficiency, require fewer parameters for calculation, and require 

fewer tools to monitor.but the disadvantage of this method that does not 

give why the efficiency is lower or where the losses are. 

2.6.2 Heat-Loss Method 

Heat-Loss Method also called indirect method; efficiency is calculated as 

shown in equations (2.9) and (2.10). 

Boiler efficiency=100% - heat losses                                                      (2.9)        

Boiler efficiency =100% – (HL1 + HL2 + HL3 + HL4 + HL5 + HL6 + 

HL7).                                                                                                      (2.10)        
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Where; 

HL1: Heat loss due to dry flue gas (%). 

HL2: Heat loss due to evaporation of water formed due to hydrogen in the 

fuel (%). 

HL3: Heat loss due to moisture content in the fuel (%).  

HL4: Heat loss due to moisture content in the air (%). 

HL5: Heat loss due to the formation of carbon monoxide (%).  

HL6: Heat loss due to surface radiation, convection, and other unaccounted 

losses (%). 

HL7: Heat loss due to unburnt carbon (%). 

Figure 2.4 shows losses in the boiler [23]. 

 

Figure (2.4): Heat-loss (Indirect) Method. 
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One of the advantages of this method is that it accurately determines where 

the losses are and how much they are worth, and then work to reduce these 

losses by appropriate methods, but its disadvantage is that it takes time and 

needs to analyze the fuel components and needs sensors to know the 

temperature and the percentage of oxygen or carbon dioxide. 

In the case study presented in this project, the direct method will be used to 

calculate the boiler efficiency. 

Efficiency through previous methods is called gross efficiency, but if the 

energy input of auxiliary devices such as pumps, fans and controlled are 

introduced, it is called net efficiency [25]. 

As the formula for gross efficiency, using the direct method is as follows: 

Gross.efficiency 

=  (
(                       (               (

  

  
)                       (

  

  
)))

(                                (
  

 
)                                 (

  

  
))

     )

x 100 %                                                                                                  (2.11)        

In contrast, the net efficiency equation using the direct method is as 

follows: 

Net efficiency =  

 
(                       (               (

  

  
)                       (

  

  
)))

  (                                (
  

 
)                                 (

  

  
))                                  

   

X100%.                                                                                                  (2.12)        
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We note that the electrical energy consumed in operating the fans, burners, 

pumps and monitoring devices has been entered, and thus the net efficiency 

value will be lower than the gross efficiency. 

Another very well-known way to calculate the efficiency of the boiler is the 

combustion efficiency, from the equation of combustion of any fuel with 

air. The combustion efficiency is comparable to the indirect method, but 

only the indirect method  due to the exhaust gases are considered  and it is 

defined as the ratio of the fuel energy input minus the flue gas losses (dry 

flue gas, incomplete combustion and moisture formed by combustion of 

hydrogen) to the fuel energy input. It can determine the combustion 

efficiency by knowing the measuring the carbon dioxide or oxygen in the 

exhaust gas inasmuch as the excess air determined [25]. 

Combustion efficiency can be calculated using figure 2.5, this figure is 

specific to the type of fuel, natural gas, and different other figures can be 

used depending on the type of fuel. To calculate the efficiency, the operator 

must know the present flue gas oxygen or the present flue gas carbon 

dioxide in addition to calculating the current stack temperature rise which 

can be calculated by measure the exhaust stack temperature and 

combustion air temperature (ambient temperature) [25]. 

Current stack temperature rise = exhaust stack temperature - combustion air 

temperature.                                                                                         (2.13) 
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Figure (2.5): Combustion efficiency chart for natural gas [25]. 

To calculate the combustion efficiency through Figure 2.5, we follow the 

following steps:  

1. Determine the present flow gas oxygen or present flow gas carbon 

dioxide using specific analyzers. 

2. Enter the level of present flow gas oxygen or present flow gas carbon 

dioxide and following a line to the curve, then red the present excess air. 
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3. Complete the line to the stack temperature rise and read the current 

combustion efficiency. 

2.7 Standards for Measuring Temperature and Pressure 

From engineering professionalism point of view, energy efficiency 

measurement must be standardized, in this context, the American Society 

of Heating, Refrigeration and Air Conditioning Engineers (ASHRAE) has 

developed the following related standards: 

 Standard 41.1 - Standard Method for Temperature Measurement: this 

standard focuses on type, accuracy, scale, calibration and practice [26]. 

 Standard 41.3 - Standard Methods for Pressure Measurement: this 

standard focuses on type, accuracy and scale [27]. 

2.8 Boiler Components 

Boilers consist mainly of pipes, a closed vessel containing pipes inside it, 

incinerator and exhaust gas chimney. While there are additional parts that 

are in most boilers are water treatment, economizer cylinders and some 

environmental protection devices [11]. 
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Figure 2.6 shows the basic components of industrial boiler [27]. 

 

Figure (2.6): Boiler components. 

The main boiler components and their functions can be summarized in 

table 2.3 [28]. 

Table 2.3: Basic Component of Industrial Boiler. 

Component Function 

Furnace 

The combustion furnace releases heat, and then it becomes a 

heat transfer system. There are three important factors 

required for combustion, which are temperature, time and 

turbulence. The control of the combustion furnace is important 

to make the inlet pressure negative to ensure that the flame 

does not go out. 

Fans 

There are two main types of fans in boilers, which are induced 

draft (ID) fan and forced draft (FD) fan. The induced draft fan 

function is pulls air through the boiler to produce a negative 

pressure in the furnace, while the forced draft fan function 

pushes air for combustion through the boiler. 

Windbox The windbox disseminates secondary air to the burners. 

Combustion air 

preheater 

It is a type of heat exchanger, when the flue gas leaves the 

boiler, it passes through the combustion air preheater, and the 

ignition air goes through the air preheater heat exchanger prior 

to being blended in with the fuel. 
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Economizer 

The economizer heats the boiler feed water through the heat 

exchange between the high temperature flue gas and the lower 

temperature water, thus cooling the flue gas and increasing the 

water temperature and thus increasing the boiler efficiency. 

Superheater 
It is a kind of heat exchanger, used to convert wet steam into 

dry steam. 

Steam drum 

It is a tank at the upper end of the water tubes; it collects the 

steam produced in the tubes and acts as a separator for the 

water and steam mixture. The hot water collects inside the 

tank after the steam is separated from it and the water returns 

to the cold-water tank. 

2.9 Boiler control 

To reach the required steam at a specific temperature and pressure 

according to what the user requires (load), there are several standards for 

controlling the boiler as in table 2.4 [29]. 

Table 2.4: Standards for Controlling the Boiler. 

Standard Function 

Steam pressure control with load 

index 

If the load increases with the same percentage in 

burning the amount of fuel, the pressure will 

decrease and vice versa, so it is important to send 

a feed signal to the controller to maintain the 

steam while controlling the combustion and the 

amount of fuel. 

Air flow control 

It is important to control the amount of air 

required for combustion, taking into account the 

air-fuel ratio, as required by the system, to 

maintain the steam pressure at the required value. 

Fuel flow control 

1- Controlling the amount of fuel is an important 

matter from a technical and economic point of 

view. When obtaining a demand signal in the 

load, it generates a demand for fuel, and therefore 

the amount of fuel entering the combustion is 

controlled with the provision of an adequate 

amount of air to achieve complete combustion. 

Furnace draft control 

2- A negative pressure must be maintained inside the 

combustion furnace, as the main goal of this 

control is to achieve the required pressure by 

absorbing the appropriate amount of flue gas and 

gases not participating in the combustion process 

by opening and closing the control accessories. 
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Drum level and feed water control 

To force the feed water into the drum, there are 

several fixed speed pumps or variable speed 

pumps. When the feed water level in the drum 

becomes high, water particles can move into the 

main steam, which leads to problems in the final 

use of the steam, and if the level of the feed water 

in the drum becomes low, the drum itself becomes 

very hot, which poses a danger. It is controlled by 

measuring the actual drum level and its set point, 

and controlling the increase or decrease 

accordingly. 

Superheater temperature control 

The importance is to eliminate the problem of wet 

steam so that it makes the steam completely dry, 

as well as prevents the transfer of water in the 

saturated steam, which leads to allowing higher 

speeds of steam in the pipes, and therefore the 

pipes can be designed to be of a lower diameter. 

2.10 Solar Water Heating System 

Water temperature is raised by the use of fuel or by the use of renewable 

energy such as the sun, and the most important ways to raise the 

temperature of water is the solar water heater, where the solar radiation is 

exploited to raise the temperature of water. The solar water heater consists 

of a glass plate containing tubes passing through the water to heat it. In 

order to provide hot water, there is an isolated tank with different 

capacities. This is the simplest form of solar water heater, which is divided 

into two types of solar water heaters, namely: the passive solar water 

heating system and the active solar water heating system. 

2.10.1 Passive Solar Water Heating System 

In this system, water is heated by the natural cycle of the water without any 

external forces. Its main features are cheap, easy and cheap maintenance, a 

long default age (30 years) and easy design. Still, its disadvantage is that its 
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efficiency is rather small. There are two main types of passive system; 

batch solar water heaters and Thermosyphon systems [30]. 

2.10.1.1 Batch Solar Water Heaters 

Batch solar water heaters also called integrated collector storage systems; 

has a simple design, simple components and little maintenance. It was first 

marketed commercially in the 1980s, and its components are a metal plate 

to absorb heat over the storage tank as shown in figure 2.7, in this system 

also does not need any pumps to work [30]. 

 

Figure (2.7): Batch solar Water Heater system [30]. 

2.10.1.2 Thermosyphon Systems 

This type consists of an absorber plate with pipes inside, and at the top a 

transparent layer to prevent the loss of heat to the surrounding air, there is 

also an insulator underneath. The system conveys heat through the 

principle of natural convection without using any pumps as shown in 
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Figure 2.8. This system is prevalent mainly in homes, where it raises the 

temperature to 45-50 degrees Celsius [30]. 

 

Figure (2.8): Thermosyphon solar water heater system [30]. 

2.10.2 Active Solar Water Heating System 

This type of system uses a pump, controllers, storage tank for hot water and 

valves to circulate the water inside the solar collectors, and this type is 

suitable for very cold areas. There are two types of active solar water 

system; the first type is open loop (direct) active solar water system; the 

second type is close loop (indirect) active solar water system [30]. 

2.10.2.1 Open Loop (Direct) Active Solar Water System 

In this type of system, a pump is used to circulate the water in the 

collectors and operate at a certain pressure in the line, which is more 

prevalent in areas where there is no freezing for long periods as long 

freezing leads to the destruction of internal pipes. It is also easier to expand 
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the system in the future if more hot water is needed, this system is cheaper, 

easier to design and operate than the other type [31]. 

2.10.2.2 Close loop (indirect) active solar water system 

This type of system uses heat transfer fluids inside the collectors, where the 

temperature of these fluids is raised by sunlight and then transfers this heat 

to the water to be heated by a heat exchanger. The spread of this type of 

system in cold areas because of its ability to protect against freezing, and 

this type is more complex than the other type, because it is designed to 

work at high temperatures. 

The design of the system and its parts are shown in Figure 2.9. There are 

two loops; the first is closed to the liquid inside the collector, and the 

second is an open  for tank of hot water where the cold water enters and the 

hot water comes out, so that the tank inside contains a heat exchanger [31]. 

 

Figure (2.9): Close loop (indirect) active solar water system [31]. 
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2.10.3 f-chart method 

The f-chart is used to estimate the annual thermal performance of the solar 

water heating system (SWH). There are two types of SWH: flat plate (FP) 

and evacuated tube (ET), where the results of simulating the thermal 

performance of the solar water heating system are used, by estimating the 

solar energy for the monthly thermal loads (f) [32]. 

f= 
         

    
 =  

    

     
                                                                              (2.13) 

where; 

TLi: the total required thermal load in month i. 

TLaux: the purchased energy to operate an auxiliary system when SWH 

system is not enough. 

QSWH: the provided energy by the SWH system. 

To calculate the value (f), two factors X and Y are used, where X and Y 

representing collector loss and gain, respectively.   

X =        
 ́ 

  
) (𝑇    𝑇  )      

  

 
                                                    (2.14) 

Y= (     )        
 ́ 

  
) (

    

     
) (  ) (N)   

  

 
                                            (2.15) 

where    is the collector heat exchanger efficiency factor,    is the 

collector overall loss coefficient (W/𝑚 .°C),    is the total number of 

seconds in the month, 𝑇  is the monthly average ambient temperature (°C), 

𝑇     is an empirically derived reference temperature (100 °C), is the 
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collector heat exchanger correction factor (0.97),    is collector area (𝑚 ) 

and L is monthly total heating load for space heating and/or hot water (J). 

      is monthly average transmittance absorptance product, (
    

     
) is the 

ratio of the monthly average to normal incidence transmittance absorptance 

product (0.96), N is number of days in the month, and    is the monthly 

average daily radiation incident on the collector surface per unit area 

(J/𝑚 ). 

To acquire the f esteem, reenactment conditions are differed over explicit 

scopes of boundaries of functional framework plans as displayed in table 

2.5 [32]. 

Table 2.5: Design parameters ranges for developing f-chart. 

Parameter Range 

      0.6-0.9 

 ́    5-120    

   2.1-8.3 W/  .°C 

      83.3 – 666.6 W/°C 

After X and Y are calculated, the solar energy for the monthly thermal 

loads (f) can calculated as 

f =1.029Y − 0.065X − 0.245   + 0.0018   + 0.0215                        (2.16) 

The annual heating load supplied by solar energy (F) is calculated as 

following: 

F =  
∑    

  
       

∑    
  
    

                                                                                          (2.17) 

If F value is less than 0, a value 0 is used, if the value is greater than 1, a 

value 1 is used. 
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2.10.4 Economic Performance Analysis for SWH System. 

To approve the project, it must be examined from an economic point of 

view, and analyzed using several indicators, in order to find out whether 

the project is feasible from an economic point of view or not.The most 

prominent economic criteria adopted are Payback Period (SPP), Discounted 

Payback Period (DPP),Present Worth (PW), Internal Rate of Return (IRR), 

and  Saving to Investment Ratio (SIR). To calculate these indicators, 

equations (2.18-2.23) are used as following [32]: 

SPP = 
          

       
                                                                                    (2.18) 

r = d + inf + (d) (inf)                                                                             (2.19) 

DPP = ∑
  

      
  
                                                                                    (2.20) 

PW = Investment + ∑
  

      
  
                                                               (2.21) 

      =  Investment + ∑
   

        
  
    = 0                                             (2.22) 

SIR = 
∑

        
      

  
   

              ∑
     
      

  
     

                                                                 (2.23) 

Where investment represents system initial cost in ($), savings represent 

achieved annual savings due to system installation in ($/year), r is the 

market combined annual interest rate in (%), d is the market annual 

discount rate in (%), inf is the average annual inflation rate in (%), n 

represents the year number in the project considered life span in years, SC 

means that summation will continue until DPP sign change from negative 

value (cost) to positive value (revenue) will be achieved,     represents the 
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net cash flow at year n in ($), Yr is the project total life time in years, 

      is the system annual operation and running cost in ($/year). Cost 

sign convention must be assumed minus, while savings are positive. And 

for the SIR, system is considered feasible if its value is greater than 1. 
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Chapter Three 

Literature Review 

Since the invention of the boiler and to this day, studies and research are 

still ongoing on the boiler, in order to develop its work in a way that 

ensures that the consumer gets the best efficiency of the boiler, and these 

studies include: 

1. The researcher made a study on a local hospital boiler as a case study, 

where the annual fuel consumption cost is 37,753 dollars, and the 

required water temperature is 60 degrees Celsius, the installation of a 

solar water heating system was analyzed from a technical and economic 

point of view, using f-chart for the technical study and economic 

transactions Simple Payback Period (SPP), Present Worth (PW), 

Internal Rate of Return (IRR), and Saving to Investment Ratio (SIR) for 

the economic analysis [32]. 

2. The aim of this study was to measure the efficiency of a 200 megawatt 

boiler, where the two researchers measured the boiler efficiency through the 

direct method by measuring the heat produced by burning the fuel and the 

heat absorbed by the water during a certain period of time, in order to know 

the operating status of the boiler and the surrounding conditions. The 

efficiency of this boiler was 80.77% [33]. 

3. In this study, the researchers focused on calculating the thermal 

efficiency of coal-fired boilers, for economic calculations and their use 

for control considerations and overall utilization of the boiler. The 
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researchers used the indirect method to calculate the efficiency of the 

boiler with a capacity of 300 MW, by measuring the real efficiency of 

the boiler, and a serious method was developed to calculate the LHV for 

coal, and then calculate the boiler efficiency based on LHV. The 

percentage of error compared to the actual value ranged between (2.844 

to -2.455) %. The boiler efficiency ranged between (88.3 to 89.3) % 

[34]. 

4. In this study, the efficiency of a natural gas boiler was calculated and 

how to improve the efficiency and the estimated cost in addition to the 

payback period. Where the efficiency using the indirect method is 

88.28% and the most prominent reason for the decrease in efficiency is 

the leakage of air into the internal air heaters, which does not allow 

water to enter the normal capacity of the boiler. The efficiency can be 

increased by approximately 2%, the cost of reducing air leakage is 

600,000 $ to 700,000 $, and the payback period is 15 months [35]. 

5. In this study, the researchers calculated the efficiency by indirect 

method for atmospheric fluidized bed combustion boiler (AFBC) and 

circulating fluidized bed combustion boiler (CFBC). As in the direct 

method, the heat entering into the outlet of the boiler is calculated, while 

the indirect method depends on calculating losses during the heating 

process in the boiler. Efficiency was calculated by direct and indirect 

methods at the same conditions (amount of steam produced, number of 

operating hours, steam temperature, steam pressure, ambient 

temperature and humidity). By using coal with an enthalpy of between 
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3000 kcal/kg and 5800 kcal/kg, the efficiency results for AFBC boiler 

type using the direct method were between 74.61% and 83.69%, and the 

indirect method was between 73.47% and 82.34% by increasing the 

gross caloric value (GCV) of the coal. The efficiency was calculated by 

the direct method for AFBC and CFBC boilers at the same operating 

conditions and by using coal with a gross caloric value of 4000 kcal/kg, 

where the efficiency results were as follows: 77.8% for AFBC and 

81.35% for CFBC. The efficiency of the CFBC boiler is greater than the 

efficiency of the AFBC boiler at the same operating conditions and the 

same type of coal by (2-3) %, because the CFBC boiler returns 

unburned fuel particles to the combustion furnace while the AFBC 

boiler does not have it, even though they both have the same principle at 

work [36]. 

6. The researchers studied the heating efficiency of a single boiler, two 

boilers connected in series or three boilers connected in succession, 

through the direct method. To calculate the efficiency, meters and 

sensors were used to measure temperature and pressure. All meters and 

sensors connected to a programmable logic controller (PLC) that was 

programed and monitored through a laptop, so that the laptop and the 

PLC were connected to a wireless Ethernet network. The direct 

efficiency was measured six times for each type of installation (one 

boiler, two boilers or 3 boilers), where the average efficiency for a 

single boiler was 60.81%, for two boilers it was 75.84% and for three 

boilers it was 79.15%. In the analysis of the results, it was found that 
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three boilers are the most efficient system, so it is useful for use in large 

enterprises with high consumption, but in general and in fact, the use of 

two boilers is better in terms of cost comparison with efficiency for 

medium and small enterprises [37]. 

7. In this research, the researchers studied how to raise the efficiency of a 

fire tube boiler (9 tons / hour) running on solid fuel (rigid), using three 

methods, controlling the amount of air for combustion, heat recovery 

from flu gas for fuel drying and recovering the heat to heat the air 

before entering the combustion chamber, where each method was 

studied separately. Before starting to study these methods, the efficiency 

of the boiler was 76.48%, and by studying the first method to improve 

the efficiency, which is to control the amount of air for combustion, the 

efficiency of the boiler can be raised to 80.82%, which saves 195.88 

tons of fuel annually. As for the second method, which is drying fuel, it 

can raise the efficiency to 76.89% and save 18.5 tons per year of fuel. 

Through the third method, which is air preheating before it enters the 

combustion chamber, the efficiency can be raised to 77.2%, which saves 

32.5 tons of fuel annually. The three methods can be used together to 

improve efficiency to reach 81.63%, saving 246.88 tons of fuel annually 

[38]. 
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Chapter Four 

Problem Statement 

4.1 Scope of Project 

The proposed solution is to design and install a device to read the actual 

boiler efficiency (net and gross) over various periods of times. The device 

will read pressure, temperature, current, and mass flow at various points. It 

will be equipped with a data logger to store the data, analyze it, and provide 

user friendly reports. Moreover, it will be connected with a mobile 

application to enable owners/operators to monitor their boilers from remote 

places. 

In addition, the design calculates periodic and non-periodic efficiency, it 

also monitors the pressure and temperature of the water entering the boiler, 

monitoring the pressure and temperature of hot water or steam coming out 

of the boiler, as well as monitoring the amount of water and fuel. To do 

this, two temperature transmitters, two pressure transmitters, flow meter for 

water, flow meter for fuel and electrical energy meter are used. All these 

transmitters and flow meters connected to the data analyzer for this purpose 

as shown in figure 4.1. 



 

40 

 
Figure (4.1): Schematic diagram for the proposed device. 

4.2 Methodology  

To achieve the intended objectives, the researcher implemented the 

following methodology: 

The boiler, which was used to conduct the study, works on liquefied 

petroleum gas fuel and its specifications are density of 0.559 kg/L and the 

gross caloric value is 49.51 MJ/kg. 

The boiler efficiency can be calculated through two methods, the direct and 

indirect method. The direct method was used to calculate the efficiency of 

the boiler used in the study, according to equation (2.8). 

 In order to calculate the boiler efficiency, before choosing the transmitters 

and meters, a simulation model was created for what it would be, what the 

expected readings were and how to obtain them, and analyzed them 

together to calculate the efficiency. 
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Before starting the construction of the device, data were collected about the 

boiler in terms of pressure and temperature of the water entering the boiler 

and the steam coming out of it, in addition to the average consumption of 

electricity, water and fuel, in order to choose the appropriate transmitters 

and meters for the boiler, so that they are suitable for temperature and 

pressure. In order to calculate efficiency, pressure, temperature, water 

quantity and fuel quantity must be monitored. Schneider's monitoring and 

analysis equipment were used; the detailed specifications of these devices 

are attached in appendix 1 to 5. 

The following table 4.1 shows the prices of the devices and transmitters 

used (form Al-Takamul Engineering Company (Qashoo‘)) [39]: 

Table 4.1: Price of Transmitters, Meters and the Recorder. 

Type Amount 

Price for 

each 

(USD $) 

Uses 

Temperature 

Transmitter 
2 28$ 

To measure the temperature of the 

water entering the boiler, and the 

temperature of the steam coming out of 

it. 

Pressure Transmitter 2 155$ 

To measure the pressure of the water 

entering the boiler, and the pressure of 

the steam coming out of it. 

Electric Flow Meter 2 450 $ 
To measure boiler water consumption 

and boiler fuel consumption. 

Power Supply (24 

Volt DC) 
1 20$ 

To convert electricity from 230 Volt 

AC to 24 Volt DC needed to operate 

the smart recorder. 

3 Phase Electrical 

Energy Meter 
1 230$ 

To measure the electricity 

consumption of the boiler and its 

accessories. 

Smart Recorder 1 1500$ 

To take readings from meters and 

transmitters and save data inside it, in 

addition to displaying direct readings 

of transmitters on a screen. 

Total price: 3016$ 
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After selecting the appropriate transmitters and meters for the boiler, and 

choosing the appropriate smart recorder to display and save the readings, 

the transmitters were connected to it as the pressure transmitters operate on 

the 4-20 mA system, and the temperature transmitters operate on the 0-10 

volt system, where the smart recorder analyzes these readings and display 

them on its screen in instantaneous time and save the readings every 30 

seconds for later analysis. After programming the smart recorder and 

preparing it to take the readings from the transmitters, display the 

instantaneous values, and store all the values in a memory for reference and 

analyze them to calculate the efficiency during any period the user wants, 

so that the user can know the efficiency on a daily basis. Figure 4.1 shows 

the transmitters and meters that are installed on the boiler, where the 

transmitters readings were taken every 30 seconds over a period of 30 days, 

and the meters readings were taken once a day. 

After taking the readings from the smart recorder and storing them in the 

form of an excel file, the transmitters were read over the course of a whole 

month, so that the readings were taken when the boiler was turned on and 

off, and thus for taking the readings correctly, the periods of inactivity of 

the boiler were excluded, and it was also made sure that the correct 

readings were identical when boiler was working in terms of temperature 

and pressure at its inlet and outlet.  

After collecting the correct readings, the data analysis was started to 

calculate the gross and net efficiency of the boiler by the direct method, on 

a daily basis, then taking the whole period (one month) by taking the 
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average readings of the transmitters, total electricity consumption, total 

water and fuel consumption and calculating the gross and net efficiency of 

the boiler throughout the study period. Then take conclusions from 

analyzing the data and the results obtained, recommending ways to raise 

the efficiency of the boiler, and then start writing the final report for the 

study. This device is programmed to give results and reports at any time, 

and create a database for reference at any time. 
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Chapter Five 

Results and Discussion 

All of  temperature and pressure transmitters are  connected to the smart 

recorder, and since the smart recorder works at 24 volts (direct voltage), the 

rectifier was connected to convert the voltage from 220 volts 

(Alternating voltage) to 24 volts (direct voltage), and the laptop was 

connected through the smart recorder network to become the program is 

ready for programming. 

5.1 Programming the System 

The logger device (smart recorder) has been installed with pressure and 

temperature transmitters, water meter, electric energy meter and gas meter 

with each other as in figure 5.1. 

 



 

45 

Figure (5.1): Wire connections and the home screen of the device. 

In order to get the readings in real time, and store them inside the memory 

of the smart recorder, smart recorder connected via laptop using Ethernet 

cable, and then open the program "Building operation WorkStation by 

Schneider electric company", (the software provided by the manufacturer 

of smart recorder). Then begin programming the device as shown in figure 

5.2 using username and password given with the smart recorder. 

 

Figure (5.2): Main page of Building operation WorkStation program.  

Using the program, design the transmitters and meters connected to the 

boiler in the form of icons within the program as shown in the figure 5.3. 
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Figure (5.3): Boiler and installation places for meters and transmitters. 

Selecting the input transmitters linked to the smart control, and taking 

readings from them using the "Building operation WorkStation" program, 

in order to display and store these instantaneous values, as shown in     

figure 5.4. 
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Figure (5.4): Configuration of Inputs Parameters. 

The data logger is used to store the values in the tables every 30 seconds 

according to what is set for it for a month as shown in figure 5.5. The data 

can also be displayed through a table or graph. In addition to store the data, 

it is possible to read the instantaneous values through the screen on the data 

recorder or through the application or the site using a local network as 

shown in figure 5.6. 
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Figure (5.5): Online reading as chart for the data from the program interface. 

 

Figure (5.6): Instantaneous values of readings on a laptop screen. 

Through the data stored in Excel tables, the owner of factory can calculate 

the efficiency for any period, and to create a database of his own to monitor 

and review the data available for any time he wants. 
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The user can access the current readings using three methods: through the 

same program as shown in figure 5.5, through a link via the local network 

browser to access the display page, which can be accessed from a laptop or 

a smart mobile device as shown  in figure 5.6, and through a display screen 

on the same smart recorder as shown  in figure 5.1. 

5.2 Values for 24 Hour Sample   

As for the readings and their analysis, they were close in behavior for 

pressure and temperature, while the consumption of gas, electricity and 

water depended on several variables, including the quantity of feed 

produced and the duration of operation. Data were collected for the entire 

period and data analysis was carried out for each day. For example, we will 

take the analysis on 10/12/2018, which reflects on the rest of the other days 

as well, since all the data obtained and then analyzed are completely 

applicable to this sample. 

5.2.1 Inlet Water Temperature 

Based on the relationship between the temperature of water entering the 

boiler over time, it is observed that the temperature is at a fairly constant 

level (the temperature of the tank feeding the boiler), and then the 

temperature begins to rise gradually to reach the highest value and then 

begins to go  down again as shown in figure 5.7. 
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Figure (5.7): Inlet water temperature. 

To illustrate why the relationship is so, the water that enters the boiler was 

monitored. The following can be observed: 

1. In the first period from 12 am to the moment of operation of the boiler, 

the water temperature is fairly constant with a slight gradual decrease 

because the tank is not completely insulated, so there will be heat 

exchange between the tank and the surroundings around it, especially 

that the readings recorded during the winter where external temperatures 

are very low (usually less than 10 °C at night). 

2. During the period between the start and shutdown of the boiler, the 

temperature of the water inside the boiler gradually increases until it 

reaches its highest value. This increase is due to two reasons: mainly: 

there is a feedback of the water collected in the pipes containing the 

water vapor used in the feed industry after steam condensation Inside 
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these tubes, where they are in the form of small drops coming back into 

the tank. 

3. Secondly, the existence of the tank inside the boiler room and therefore 

there is a heat by convection and radiation between the boiler and the 

tank during the operating period of the boiler, and between the reservoir 

and part of the pipes that contain water vapor at a very high temperature 

within the same room, as these pipes are not isolated enough and There 

are large leaks in the water vapor. 

4. During the last period, which extends from the shutdown of the boiler 

until the end of the day, the temperature of the water begins to decrease 

gradually due to heat exchange between the tank and the outside 

surroundings. 

For the rest of the day, the figure 5.8 shows the relationship between the 

average temperatures of the water entering the boiler with the days of 

operation of the boiler. 
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Figure (5.8): Average inlet water temperature for each day of the study period. 

Figure 5.8 above shows that there are clear differences in the average 

temperature of the water entering the boiler from day to day, as the lowest 

average temperature is 20 degrees Celsius and the highest temperature 

average is 39 degrees Celsius. 

This difference between temperatures is due to several reasons, which are: 

1. Ambient air temperature, as the tank that feeds the water to the boiler is 

located inside the boiler room itself, and therefore there is heat 

exchange between the air surrounding the tank and the surface of the 

tank itself. 
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2. The water entering the tank comes from the municipal water network, 

and since the tank have a capacity of 3000 liters and the maximum 

amount of steam required is less than this amount, the water supply to 

the tank is not instantaneous, but takes place every two or three days, 

depending on the required quantity, so the average temperature of water 

entering the tank is much lower than the average temperature of the 

water inside the tank previously, knowing that the study period taken in 

the winter season, as the temperature is low. 

3. Condensed water from steam is not disposed of, but returns to the feeder 

tank of the boiler at a high temperature, so the temperature of the water 

inside the tank is raised, and this depends on the amount of condensed 

water returned to the tank. 

4. The number of operating hours, as the time of starting of the boiler and 

its stopping is not fixed, but rather variable, depending on the demand 

for steam in certain hours, as the boiler operated on one day for a period 

of 98 minutes and on other days for a period of 600 minutes. 

5.2.2 Outlet water/steam temperature 

The figure 5.9 indicates the relationship between the temperature of the 

vapor or the hot water outside of the boiler over time during the same day. 
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Figure (5.9): Outlet water/steam temperature. 

The following can be observed through checking the figure 5.9: 

1. The beginning of the day until the starting of the boiler, the temperature 

is fairly constant with a slight decrease, but initially the temperature is 

somewhat high, because the water is inside the boiler pipes, which are 

isolated and retain their temperature through the process of water 

heating for the previous day. However, with time and the low 

temperature of the room inside which the boiler is large because of the 

winter as we explained earlier, the temperature of water drops to the 

lowest value. 
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2. In the operation of the boiler and when burning gas to heat the water 

and turn it into vapor, the temperature of water coming out of the boiler 

directly rises to a value higher than the boiling temperature, and as the 

pump enters the amount of water and then burner burns an appropriate 

amount of gas to convert the water entering the vapor then stops the 

burner from burning the gas, and repeats the process. It is therefore 

observed through the figure how the temperature decreases slightly and 

then rises over several periods depending on the consumption of steam 

in the feed industry. 

3. After the working day in the feed industry, the owner of the plant stops 

the operation of the boiler from work, and therefore it does not burn any 

additional quantities of gas, which leads to a drop in the temperature of 

steam and turn it into hot water as seen from the figure above, Steam 

and its transformation into hot water is such a rapid difference between 

the temperature of the steam temperature and the surroundings of the 

boiler, leading to a large heating exchange between them. This decline 

continues to the end of the day so that as the time progresses, the decline 

will be less severe. 

For the rest of the day, the figure 5.10 shows the relationship between the 

average temperature of the water coming out of the boiler and the days of 

operation of the boiler. 
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Figure (5.10): Average outlet water/steam temperature for each day of the study period. 

Through the data on the average temperature of the steam leaving the 

boiler, a very important note appears, that the quality of the steam is low, 

since at these temperatures and under the operating pressure there is still a 

small part of the water. 

It is also clear that there is a difference in the average temperature of the 

steam leaving from day to day by 7 degrees Celsius (except for the day 

when the average steam temperature was 110 degrees Celsius), and this 

affects the production process, as it needs special specifications for steam 

in the production process. 
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5.2.3 Inlet Water Pressure 

 

Figure (5.11): Inlet Water Pressure. 

The relationship between the pressures of water entering the boiler with 

time is as follows: 

The figure 5.11 can be divided into three periods, the first period from the 

beginning of the day to the moment of operation of the boiler, the second 

period during the period of operation of the boiler, and the third period 

from the moment of stopping the boiler to the end of the day. 
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During the first and third periods, when the boiler is not in operation, there 

is no pumping of water to the boiler and therefore the pressure is zero 

because the system is closed and not opened to atmospheric pressure. 

During the second period it appears that the pump pumps water in the form 

of pulses, depending on the steam consumption. The pressure of the water 

entering the boiler during this period was calculated and the average of the 

pump operating period was taken only (as shown in Figure 5.11 that the 

pump worked 13 times), the average pressure for water entering the boiler 

was 4.964 bars for the presented sample.  

5.2.4 Water/Steam Pressure Output 

 

Figure (5.12): Outlet Water Pressure. 
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From figure 5.12, it is noted that the relation of vapor pressure outside of 

the boiler with time can be divided into 3 periods: pre-boiler operation 

period, boiler operation period, post-shutdown period of the boiler. The 

boiler usually starts operating in the morning, and when it turns on, 

pressure starts to rise gradually until it reaches its highest value. Then, it 

begins to increase and decrease gradually depending on the load profile of 

steam, and when the boiler stops; steam pressure starts to decrease until it 

reaches zero (gauge) because it is not open to Atmospheric pressure. The 

average steam pressure during the operation period of the boiler is 4.502 

bars for the presented sample. 

Similarly, the average pressure of water in and out of the boiler was 

calculated, and the average pressures were as shown in figure 5.13. 

 

Figure (5.13): Average Inlet and Outlet Water for each Day of the Study Period. 
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5.2.5 The Amount of Water Consumed 

The source of used water is from the municipality. Since there is a water 

crisis in all the Palestinian cities and towns, water is not available at all 

times, but it is supplied to the consumers at certain hours and days. The 

factory collects the water inside a tank of 3000 liters ensuring constant 

water supply for the boiler (this is to ensure that the water is not 

interrupted, as the water supply is the municipal water network). Water 

consumption varies from day to day depending on several factors, 

including the amount of feed produced, and how to use the steam in the 

right way for the production process. Water consumption per day (for 

presented sample) was 600 liters. 

The water consumption in the days of operation of the boiler are shown in 

the following figure 5.14: 
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Figure (5.14): Water Consumption for Each Day of the Study Period. 

5.2.6 The Amount of Gas Consumed 

The fuel used in a 3000-liter underground tank is kept under pressure to 

turn into a liquid state, and then passes through the pipes to a vaporizer. Its 

function is to turn the gas back into the gaseous state in order to burn it into 

the burner. 

The amount of gas consumed during the day varies significantly from day 

to day due to several reasons, notably: the amount of water that is heated to 

turn into steam, the temperature of the water entering the boiler, as well as 
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the running time of the boiler. During presented sample (1 day), the gas 

liquid consumption was 80 liters, which is equivalent to 2,214 MJ. 

Gas consumption in the rest of the boiler operation was as shown in figure 

5.15: 

 

Figure (5.15): Gas Consumption for Each Day of the Study Period. 

5.2.7 Electric Energy Consumption 

There is also consumed electrical energy in the pumps, control panel and 

evaporator. To calculate this energy, a 3-phase electric energy meter was 

placed on the main panel of the boiler room. The electrical energy 

consumed was different from day to day and depended on this auxiliary 

equipment for the boiler. 
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Power consumption for presented sample (10/12/2018) was 15.5 kWh 

which equal 55,800   . The figure 5.16 shows the electrical energy 

consumption for each day of operation that was observed. 

 

Figure (5.16): Electric Energy Consumption for Each Day of the Study Period. 

5.3 Gross Efficiency Calculation  

Based on the above data, consumption can be monitored and the boiler 

behave view can be observed, but in order to calculate the efficiency of the 

boiler, these data must be entered with each other and the enthalpy of the 

water at certain temperature and pressure for the sample day 10-12-2018. 
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To calculate the gross efficiency according to the equation 2.11: 
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5.4 Net Efficiency Calculation 

To calculate the net efficiency for the sampled day 10-12-2018, the electric 

energy consumed in the pumps and control panel of the boiler is added as 

follows: 
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The boiler gross and net efficiency values can be summarized in figure 

5.17: 

 

Figure (5.17): Gross and Net Efficiency for Each day of the Study Period. 

5.5 Data Collection for Case Study 

For the rest of the study period days, the same method was applied by 

utilizing the data from the data logger for temperature readings, pressure, 

electric power consumption and quantities of gas and water consumed. As 

in the following table 5.1: 
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Table 5.1: All Data and Information for the Measurement Period. 

 

Based on the above table, the average gross and average net efficiency of 

the boiler during the total operating period was 68.3% and 66.56% 

respectively. 

If we take the averages for temperature of input water, temperature of 

output  water, pressure of input water , pressure of output water and the 

total consumption of water, gas and electricity. Through equation 2.11, the 

gross efficiency is 66.14%.Through equation 2.12, net efficiency was 

64.71%. 

5.6 Cost of Feed Production 

After knowing the consumption of water, gas and electricity during the 

study period, it became possible for the director to know the costs of water, 
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electricity and gas separately. The table 5.2 shows the consumption of 

water, gas and electricity for each day during the study period. 

Table 5.2: Water, gas and electricity consumption during study period. 

 

After knowing the consumption of gas, water and electricity for each day 

during the study period, it became possible to calculate their cost for each 

day separately, and by knowing the amount of production for each day of 

feed, the cost of one ton of feed was calculated. Since the cost of a liter of 

gas is 5.152 NIS, and the cost of a cubic meter of water is 5 NIS, the cost of 

a kilowatt-hour of electricity is 0.68 NIS. 

The results show that the average cost of producing one ton of animal feed 

during the study period is 22.42 NIS, as shown in table 5.3. 
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Table 5.3: Cost of electricity, gas, water during study period. 
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Chapter Six 

Technical and Economic Study for the Installation of 

Solar Water Heating System 

6.1 Technical Study for Solar Water Heating System 

To calculate the size of the solar water heating system for the animal feed 

factory (collective system), we will take the highest water consumption 

during the boiler monitoring period, which was 960 liters. We want to raise 

the temperature to at least 55   before entering the boiler, as also the 

average temperature in the year is 21.5   in Jenin as shown in table 6.1 [8]. 

Table 6.1: Al-Manar animal feed factory information. 

Parameter Description 

Name Al-Manar Animal Feed Factory. 

Address Arrabah-Jenin-Westbank. 

Longitude  35.20168 degree 

Latitude 32.408268 degree 

Average daily water consumption 534.6 (Litter). 

Highest daily water consumption 960 (Litter). 

Annual average ambient temperature 21.5 (C°). 

average daily solar radiation 5.4   
   

       
). 

Surface area of the factory 720       
Required temperature from the  SWH system 55 (C°). 

gross boiler efficiency 68.3%. 

Net boiler efficiency 66.56%. 

𝑄𝑢 = 𝑚 * 𝑐𝑝 * (𝑇  − 𝑇𝑖)                                                                        (6.1)        

Where; 

𝑄𝑢: The amount of heat required to raise the temperature from 𝑇𝑖 to 𝑇  

(joule). 

𝑚: The mass of heated water ( 
  

   
 ) 
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𝑐𝑝: Is the specific heat of water = 4186 (J/kg. ). 

𝑇𝑖: The inlet water temperature ( ). 

𝑇 : The outlet water temperature ( ). 

We want to heat at least 960 kg of water to at least 55 °C. Using equation 

6.1 

𝑄𝑢 = 𝑚 * 𝑐𝑝 * (𝑇  − 𝑇𝑖) = 960 ( 
  

   
 )* 4186 ( 

 

     
 )* (55-21.5) .              

= 134621760
 

   
  

6.2 Technical and Economic Parameters for SWH Systems  

To begin the analysis of the SWH, technical and economic parameters must 

be defined. Table 6.2 shows the inputs for the mathematical model analysis 

[32].  

Table 6.2: Technical and Tconomic Parameters of flat plat (FP) system 

and evacuated tube (ET) system.  

Parameter FP (glazed) ET 

Manufacturer 
Jiangsu sunrain solar 

energy 

Beijing Tsinghua solar 

systems 

Model SR210 SLU-1500/12 III 

Gross area per collector 2.14    1.28    

Aperture area per collector 1.86    1.08    

       ) 0.669 0.512 

       4.62(W/   )/°C 1.43(W/   )/°C 

Temperature coefficient for 

       
0.0(W/   )/°C 0.0(W/   )/°C 

Cost per collector (NIS) 615 462 

Cost per tank V is tank 

volume in    
1487.2    -3333.3 V + 8000 

Temperature required  from 

the SWH(°C) 
55 

Hot water storage tank 

(Liter/  ) 
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LPG energy content 

(MJ/kg) 
49.51 

LPG $/L 1.6 

gross  studied boiler 

efficiency 
68.3% 

life time in years 20 

D 10% 

Inf 2.5% 

Combined interest rate r 12.8% 

6.3 Technical Performance for FP and ET Systems 

After collecting all data to calculate the solar fraction value, equations 

(2.13 – 2.17) are used to calculate it. The results are shown if figure 6.1 

 

 Figure (6.1): Monthly solar fraction f for FP and ET SWH systems. 

From the figure 6.1, the lowest and highest values of f for ET system are 

28% and 90% respectively. The lowest and highest value of f for FP system 

are 21% and 82% respectively. From the results, ET system gives higher f 

than FP system, which it means ET will cover higher proportion of the hot 

water demand. 
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The annual solar fraction F for ET system equals to 58.15% and for FP 

system equals to 51.34%.So, from the technical analysis the ET system is 

much better from FP system. 

6.4 Economic Performance for FP system and ET system  

For economic analysis, initial investment and annual saving must be 

calculated. Figure 6.2 shows the cash flow for ET system and FP system.   

 

Figure (6.2): Estimated cash flow of the ET and FP systems. 

From the figure 6.2, the initial investment for ET system is higher in 

comparison with FP system by 1,019 $, but it will save 257 $ yearly more. 

Equations (2.18 – 2.23) are used to analyze the systems from economic 

performance. Results show that the SPP for ET system equals to 4.9 year, 

and for FP system equals to 5.03 year. The PW indicator for ET and FP 

systems are higher than zero, which means that both systems recover the 

initial investment and exceed the conditioned combined interest rate r 

(12.5%). 
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The IRR for ET system equals to 20%, and for FP system equals to 19%. 

The SIR indicator must be higher than 1 to indicate that the system is 

feasible. The value of SIR for ET system is 1.45, which means that for 

every dollar invested, a 1.45 dollars will be saved from the annual LPG 

equivalent savings. The SIR for FP system equals to 1.42. The results 

summarized in table 6.3. 

Table 6.3: Economic analysis comparative. 

indicator  FP ET 

annual F 0.5134 0.5815 

baseline L LPG/Y 2360 

baseline $/Y $3,775 

saving L LPG/Y 1211 1372 

saving $/Y $1,938 $2,195 

investment $ $9,746 $10,765 

SPP 5.03 4.90 

PW $3,615  $4,339  

AW $507  $608  

IRR 19% 20% 

SIR 1.42 1.45 

The table 6.3 shows that the both systems are feasible for technical and 

economic analysis, but ET system gives higher F value, and better 

economic performance. 

According to the above calculations, installing a solar heating system is a 

good investment, as it saves 2195 $ annually with a payback period of 4.9 

years. 
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Chapter Seven 

Conclusions and Recommendations 

7.1 Conclusions 

In Palestine, boilers are spread in most factories, hospitals, commercial 

centers, ministries and others. The main purpose is to heat water or turn it 

into steam and use it in different applications. The majority of these boilers 

are powered by gas or diesel, so that they consume large amounts of fuel.  

The fluctuation of the boiler efficiency from day to day during the study 

period is due to several reasons, most notably: the instability of the heat 

load (the amount of animal feed production), the difference in the operating 

time of the boiler, the difference in the temperature of the boiler‘s 

surroundings (boiler room) and the difference in the temperature of the 

water entering the boiler from day to day (water tank temperature). 

Furthermore, it is necessary to know the efficiency of these boilers and 

know the characteristics of water entering the boiler and out of it. After 

installing the device and its accessories, the gross and net efficiency of the 

boiler was 68.3% and 66.56% respectively. Also, it is vital to monitor the 

pressure and temperature of water entering and leaving the boiler every 30 

seconds 24 hours a day through the device itself or via the Internet using a 

device a computer or mobile phone, and store this data in memory within 

the device to be accessible at any time for different analysis.  
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The quantities of water, gas and electricity consumed by the boiler were 

also monitored and recorded. These values were stored for monitoring, 

analysis and future use in various studies. 

A technical and economic studies of the solar water heating project have 

been prepared to raise the temperature of the water entering the boiler to a 

temperature of at least 55 degrees Celsius. Different economic methods are 

used to see if the project is economically feasible, different methods have 

shown that the project is economically feasible. 

7.2 Recommendations  

After concluding the previous results, the researcher recommends the 

following:  

1. After taking the measurements, analyzing them and calculating the 

efficiency, it was found that they are different from day to day, and the 

current study can be completed in order to improve the efficiency of the 

boiler to its best value after analyzing and treating the causes. 

2. Transferring the boiler to a place close to the final use of steam, where 

the boiler is currently 20 meters away from the final place for the use of 

steam. Also, the owner of the plant uses steam at 90  . Whereas steam 

comes out at a temperature of 130  from the boiler. 

3. If the manufacturer puts the boiler closer to the final place to use steam, 

it should calibrate the burner, the air-to-fuel ratio and the controls 

inside the boiler to suit the new situation. 
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4. Pipes should be well insulated better than the current situation. In the 

current situation there is a large leak of steam through the pipes, 

especially in the bends in the pipes, and this is an economic loss for the 

manufacturer. 

5. The manufacturer is currently recovering thermal water, but more heat 

can be gained through the use of better equipment and tools, and it is 

possible to heat the air entering the burner in order to increase the 

efficiency of combustion, as the manufacturer is heating the gas before 

entering the burner. 

6. One of the best steps to maintain the boiler in the best condition is to 

perform periodic maintenance of it, as the owner of the factory did not 

do the maintenance of the boiler only once within 20 years. 

7. The manufacturer provides the boiler directly with water without any 

treatment processes. This method of supplying the boiler directly with 

water without filtration or removal of salts increases the calcification 

inside the pipes in the boiler. 

8. In order to calculate the efficiency of the boiler, many transmitters and 

meters were assembled with the recorder so that each piece separately 

functions. Then connected together to form the desired device, which in 

turn led to the price of the required device to a high price, so a device 

can be designed commercially only to calculate Efficiency, monitoring 

the pressure and temperature of water entering and leaving the boiler 
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and knowing the quantities of gas, water and electricity consumed from 

the boiler at a much lower price. 

9. During the installation of the device, several parameters and variables 

associated with the boiler are not shown through the eye, or through the 

combustion analyzer device. 

10. This study should be pursued more broadly in the future, by starting to 

control the boiler and its various characteristics in order to achieve the 

greatest efficiency. 

11. It is feasible to install a solar heating system in order to raise the 

temperature of the water entering the boiler, thus reducing gas 

consumption, which leads to reducing carbon dioxide emissions. 

12. The combustion analyzer must be used to calculate the combustion 

efficiency of the boiler, in order to determine the ratio of fuel to air in 

order to calibrate the boiler to the best efficiency, and a heat exchanger 

can be used in the exhaust stack to achieve an increase in boiler 

efficiency. 
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Appendix 

Appendix 1 

Data sheet for temperature sensor 
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Appendix 2 

Data sheet for pressure sensor 
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Appendix 3 

Data sheet for power supply 
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Appendix 4 

Manual for 3-phase electric meter 
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Appendix 5 

Data sheet for smart Recorder 
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 تصميم جهاز لمراقبة وتحميل كفاءة المراجل الصناعية
 أعداد

 عبدالله أحمد خميل طحنات
 إشراف

 محمد الديدد. 

 الممخص

يحجدىا السدتخجم، بالإضافة  الرشاعية لفتخاتىحه الجراسة قامت عمى أساس قياس كفاءة السخاجل 
لمسخاقبة السدتسخة وعمى مجار الداعة لزغط ودرجة حخارة الساء والبخار في السخجل، ومعخفة 
كسيات الغاز، والساء والطاقة الكيخبائية السدتيمكة في عسل السخجل، ولتحقيق ىحه الأىجاف تػ أخح 

 جشيؼ كحالة دراسية. –ة عخابة مخجل صشاعي يدتخجم في مرشع السشار لرشاعة الأعلاف في بمج

لػ يتؽاجج الجياز وممحقاتو كجياز واحج في الدؽق الجاخمي أو الخارجي برؽرة مباشخة، بحيث يتػ 
لات وعجادات لمطاقة ستخكيبو عمى السخجل فحدب، لحلغ تػ تجسيع الجياز مؼ خلال عجة مخ  

 السخجؽ مؼ الجراسة.لتحقيق اليجف  الكيخبائية، الساء والغاز، وربطيا مع متحكػ ذكي

الجراسة بيشت الكفاءة الكمية والرافية لمسخجل، ومخاقبة جسيع مجخلات السخجل بذكل لحعي، 
ثانية عمى مجار فتخة تخكيب الجياز، أظيخت السعمؽمات بعج تحميل البيانات التي  03وتخديشيا كل 

% بيشسا الكفاءة 0..3مية حيث كانت الكفاءة الك لمسخجل،جسعت مؼ خلال الجياز الأرقام الحكيكية 
%. ىحه السعمؽمات والبيانات التي تػ تحميميا تفيج بكيفية تحديؼ كفاءة السخجل، 33.63الرافية 

ومعخفة الدمبيات في السخجل نفدو، أو خط الانابيب السترل بو لسعالجتيا والحرؽل عمى أفزل 
 أداء لمسخجل مدتكبلًا.  

ؼ وجؽد إمكانية لإنذاء نعام تدخيؼ شسدي خرؽصاً بعج الحرؽل عمى الشتائج وتحميميا، تبي
بؽجؽد السداحة الكافية، لحلغ تػ في نياية الجراسة إجخاء تقييػ فشي واقترادي لسذخوع نعام تدخيؼ 
يقؽم باستغلال الطاقة الذسدية لتدخيؼ السياه ورفع درجة حخارتيا، وبالتالي التؽفيخ في الغاز 

لحخارة التي يتػ تدخيشيا عؼ طخيق الذسذ، فسؼ خلال الجراسة السحخوق لتدخيؼ السياه إلى درجة ا



 
 ج

 

دولار  5516، ويقؽم بتؽفيخ مبمغ دولار 53736الفشية  فإن تكمفة رأس السال لإنذاء الشعام ىي
سشة.  53سشة عمساً بأن العسخ الافتخاضي لمسذخوع ىؽ  9.1سشؽياً في سعخ الغاز، وبفتخة استخداد 

أما في الجانب البيئي فإن التؽفيخ في حخق الغاز يقمل مؼ انبعاث الغازات السمؽثة لمبيئة وأبخزىا 
 ثاني أكديج الكخبؽن، حيث أن أنعسة تدخيؼ السياه الذسدية ىي أنعسة صجيقة لمبيئة.

 

 

 

 

 

 

 

 

 


