CHAPTER ONE
1.0 INTRODUCTION
1.1	Background to the Study
The outlook on energy utilization has gone through a drastic change during the last few decades. Nowadays, there is far greater contemplation on provisioning and consumption of energy. This reflection has been brought about by a number of factors such as dwindling reserves of conventional sources of energy, fluctuating energy prices, unavailability of alternative sources of energy and new ecological realities about climate change. Moreover, the industrialization in developing countries and especially that of China and India will increase the global energy demand. In developing countries such as Nigeria, the proportion of global energy consumption is projected to increase from 46 to 58 % between 2004 and 2030, at an average annual growth rate of 3%. During the same period industrialized nations will witness annual energy demand growth of 0.9 % (IEA, 2011). Energy consumption can be divided into four main sectors: transport, building (residential and commercial), agriculture and industrial (Ghannadzadeh, 2012). On the global scale, the industrial sector accounts for 36% of global energy consumption and even using conservative estimates, this trend will remain more or less the same in the future (Agha, 2009). 
Recently in France, the conclusion drawn by the Working Group, Lutter Contre les Changements Climatiques et Maîtriser l'énergie (Fight against climate change and control of energy), gathered at the Grenelle de l’environnement is that, beyond the specific actions to improve energy efficiency in Building and Transport sector. There is a source of savings in other sectors which represent 43% of total energy consumption. In regard to the industrial sector (which accounts for 21 % of final energy consumption and 20% of emissions of greenhouse gases), the working group recognized that significant efforts had already been made in this sector but pointed out that further progress was still required (Agha, 2009).  
Table 1.1 Industry ranking of energy usage  
	Rank
	Sector
	Energy Usage (TBTU)

	1
	Chemicals
	3729

	2
	Petroleum Refining
	3478

	3
	Forest Products
	3263

	4
	Iron and Steel
	1672

	5
	Food and Beverage
	1156

	6
	Mining
	753

	7
	Transportation Equipment
	488

	8
	Alumina and Aluminium
	441

	9
	Fabricated Metals
	441

	10
	Textiles
	359

	11
	Cement
	355

	12
	Plastic and Rubber
	327

	13
	Computers, Electronics
	321

	14
	Glass and Glass Products
	254

	16
	Foundries
	233

	16
	Heavy Machinery
	213


Source : Ghanadzadeh (2012)
As can be seen from Table 1.1, the chemical industry is clearly the greatest user of energy, followed by petroleum refining and forest products. Other principal large consumers include iron and steel mills, food and beverage, mining, aluminum, and transportation equipment. 
The top three industries (chemical, forest products and petroleum refining) share several characteristics that contributes to their high energy consumption. Firstly, in these industries, the core processes used to convert raw materials are characterized by operations performed at high temperatures and high pressures. Secondly, each of these industries consumes vast amounts of energy in form of electricity and steam. Thirdly, due to the technological and thermodynamic limitations, the energy efficiency of several equipments in these processes is quite low.
Moreover, the reliance on fossil fuels as the primary source of energy has huge negative impact on the environment and eco-system of our planet. The studies of Intergovernmental Panel for Climate Change (IPCC) has acknowledged that the main cause for the phenomenon of global warming is the emission of green house gases, which are released into the atmosphere during burning of fossil fuel. Global warming is considered to be the biggest impediment in carrying out sustainable development (Ghannadzadeh, 2012). 
Since 1990, there have been concentrated efforts in scientific world to find alternative sources of energy. Emphasis is on renewable energy like wind, solar, hydrogen, etc. However, even by the most optimistic assessments, all these alternatives are long-term solutions. The projections of Energy Information Administration (EIA), a statistical agency of the U.S.A Department of Energy, shows that in immediate future fossil fuels will remain as primary sources of energy. Thus, along with the development of alternative energy sources, effort must be made to seek modus operandi that will minimize the damage caused by the fossil fuels. To encourage these researches, Baranzini et al.,(2000) presented the advantages of applying carbon tax while Ghannadzadeh (2001) proposed the usefulness of green credits in encouraging the use of renewable sources. Initiatives like cleaner production and zero emissions are important approaches in this regard. However, another short term solution would consist in improving energy efficiency in industrial processes (IPCC, 1996). 
Concerning the industrial sector, the mode of production and management of utilities provides a great potential source for energy savings. The Working Group concluded that approximately one third of the energy consumption of industrial (or final energy 11Mtep) comes from processes called Utility (steam, hot air, heaters, and electricity). The margins for improving the effectiveness of these processes exist. The dissemination and implementation of best practices can save up to 2Mtep without requiring technological breakthroughs.  In other words, one of the mechanisms identified by the Working Group to reduce energy consumption and emissions of greenhouse gases is the establishment of more efficient means of using process utilities within production units.
Process design hierarchy represented by an “Onion Diagram” is shown in Figure 1.1. At the heart of this hierarchy is the process design (Reactor, Separation and recycle system) while the energy considerations are the outer layers such as Heat recovery system, Utilities, and Waste water treatment (Ghannadzadeh, 2012).  
                                  [image: ]					Figure 1.1: The onion model of process design
Source: Energetic Inc. (2004)
Nowadays, an integrated approach tends to replace the hierarchical approach. The process integration consists in considering the big picture first by looking at the whole manufacturing process as an integrated system of interconnected processing units as well as process, utility and waste streams. The research concerning this approach started in the late 1970s and early 1980s with an emphasis on energy conservation (Ghannadzadeh, 2012). In the early 1990s, the process integration was synonymous with thermodynamic technique of pinch and energy analysis. 
Gundersen et al. (2000) gave a more general definition for Process Integration: “Process Integration includes systematic and general methods for designing integrated production systems, ranging from individual process to total sites, with special emphasis on the efficient use of energy and reducing the environmental effects”. Thus, nowadays, according to Ghannadzadeh (2012) Process Integration covers four key areas which includes; 
a) Efficient use of raw material to improve the profitability of the process.
b) Emission reduction to obtain a sustainable process.
c)  Efficient Process operations to optimize the process control.
d)  High energy efficiency to reduce the energy consumption of the process 
Process Integration techniques include various approaches. Systematic methods such as Pinch Analysis based on the application of thermodynamic principles were developed. This approach is aimed at increasing process to process heat exchanges by the design of heat exchanger networks (HENs). It can be applied to complex industrial sites such as petroleum refineries. It can also incorporate complementary techniques such as energy conversion and upgrading. Another approach that has contributed to process integration is the Exergy Analysis  (Szargut et al., 1988).
Exergy is defined as the maximum amount of work which can be produced by a system or a flow of matter or energy as it comes to equilibrium with a reference environment. Unlike energy, exergy is not subject to a conservation law (except for reversible processes). Rather, exergy is consumed or destroyed due to irreversibilities in any real process. The exergy consumption during a process is proportional to the entropy created. Exergy measures both the quality and quantity of the energy involved in transformations within a system. Thus, exergy analysis, also called lost work analysis can be a helpful tool in the evaluation of the energy efficiency of a process. With exergy analysis, it is possible to quantify the exergy losses in each process step, to identify units for improvements and to compare different process configurations. The exergy analysis could also be used in an early stage in the development of new process. Moreover, more meaningful indicator than the traditional energy efficiency can be defined using exergy; thus, exergy efficiency permits the evaluation of the degree of perfection of the considered process (Dincer, 2011). 
Kaduna Refining and Petrochemical Ccompany was commissioned in 1980, the concept was to have a refinery inland in Nigeria with a pipeline supplying crude oil (Excravos) from the coast and product evacuation by road, rail and pipelines supplying the most northerly inland regions of the country. The design of the three modes of evacuation was 200% of refinery output capacity. With this plan, there was to be no backlog of products (Hart Resources Ltd, 2006).
In addition, the refinery was built with a lubricants plant, the first and only lubes plant in Nigeria. The lubes plant can produce lube oils and asphalt grades. To achieve this, special lubes and asphalt producing units were installed while some sections of this plant were designed to process foreign (Sour) crudes. All Nigerian crudes are sweet therefore sour crudes from countries like Saudi Arabia, Kuwait and Venezuela are imported in order to meet up with the requirements of the lubes plant. KRPC started processing 100,000BPSD at 50/50% of local/foreign crude in 1980, it was bottlenecked by 10% to process 110,000BPSD mixed crude and later, the Petrochemical section was incorporated Hart Resources Ltd (2006). The fuels section of the refinery is made up of the following units; The Atmospheric Distillation Unit (ADU), Vacuum Distillation Unit (VDU), Naphta Hydrotreating Unit (NHU), Kero Hydrotreating Unit (KHU), Catalytic Reforming Unit (CRU), Gas Concentration Unit (GCU), Gas Treating Unit (GTU), Fluid Catalytic Cracking Unit (FCCU),  and Sulphur Units.
The purpose of Atmospheric Distillation is primary separation of various cuts of hydrocarbon namely fuel gas, Naphta, Kerosene, Diesel and Fuel oil. Distillation of crude oil is typically performed under atmospheric pressure. Low boiling fractions usually vapourizes below 400°C at atmospheric pressure without cracking the hydrocarbon compounds. Therefore, all the low boiling fractions of crude oil are separated by atmospheric distillation.  Atmospheric Distillation Units (ADU) are major energy consuming unit of a refinery and therefore requires extensive energy management (Odejobi, 2015). Heat Exchanger Networks (HENs) design and Process Heat Integration are widely used methods for improving process energy efficiency (Rivero et al., 2004). Exergy Analysis is another thermodynamic principle applied to identify the areas where improvements could be made in a process to achieve optimum performances. Exergy Analysis enables the identification and quantification of the sources of inefficiencies or process irreversibility related losses.
1.2       Statement of the Problem
Considering the negative effects of the instability in prices of oil, regular shut down of our Refineries and Petrochemical Companies due to poor management of material and energy resources, efficient energy use in the operations of the refineries becomes a key factor to be considered when making decisions to keep the refineries functioning. Atmospheric Distillation Units (ADU) is a major energy consuming unit of a refinery and therefore requires extensive energy management. Carrying out an Exergy analysis on this unit will help to determine sites and causes of primary energy loss and also aid decision making by providing meaningful information when assessing the performance of energy systems.
1.3	 Aim and Objectives
The aim of this research work is to develop an exergy analysis of Atmospheric Distillation Unit of the Kaduna Refining and Petrochemical Company (KRPC).
This aim will be actualized through the realization of the following objectives
1. Extraction of data from the Laboratory Operating manual and the Process Flow Diagram of the Atmospheric Distillation Unit of the refinery used in the Simulation.
2. Determination of the sites of primary exergy destruction
3. Determination of the exergy efficiencies of major components.
4. Determination of the potential for the process improvement through revamp.
1.4	 Scope of the Work
The ASPEN HYSYS version 7.3 will be used to carry out the simulation of Atmospheric Distillation Unit of the Kaduna Refining and Petrochemical Company (KRPC) and the existing exergy equations will be used to carry out the analysis using Microsoft Excel. The equipments selected for Exergy Analysis includes Heat Exchangers Group 1, Heat Exchangers Group 2, Heat Exchangers Group 3, Desalter, Flash Drum, Heater and Distillation Column.
1.5	Justification for the Study	
Energy issue is becoming increasingly crucial for industrial sector that consumes large quantities of utilities. Although the scientific world should continue to look for alternate sources of energy, a short term solution would rather rely on a more rational use of energy. To face this challenge, exergy analysis appears a very efficient tool as it would ensure increased efficiency and reduce environmental impact of industrial processes. By analysing the exergy destroyed by each component in a process, areas of focus as regards improvement of system efficiency are clearly identified, It is a powerful technique for analysing, assessing, designing, improving and optimizing systems and process.                                           
                                        
                                                   


                                                     CHAPTER TWO	
2.0                                           LITERATURE REVIEW
2.1	Exergy Analysis
A literature review on exergy analysis for the period 1985 until recently has been performed to get more insight in this research field. A database of publications in the field of exergy analysis has been obtained. The source of this database is the DIALOG Database Energy Science & Technology, which contains 2.5 millions abstracts in the field of energy research and related topics mostly dealing with energy conversion. In this subject, most attention has been devoted to power plants, heat sources and solar energy. A limited amount of articles has been published on processes or process plants. There are more articles published on the use of solar exergy than exergy analysis of processes or process plants. It can be concluded that the use of exergy analysis in the process industry is as yet limited (Cornelissen, 1997).
It is widely recognized today that the exergy concept has its roots in the early work of what would later become Classical Thermodynamics. If an exact starting date must be found, this can only be 1824, when according to Sciubba and Wall (2007), Carnot stated that “the work that can be extracted of a heat engine is proportional to the temperature difference between the hot and the cold reservoir”. It is correct to say that this simple statement led, 30 years later and after much labouring by Clapeyron from 1832 - 1834, Rankine in 1851 and Thomson in 1852 to the position of the second law of thermodynamics (Sciubba and Wall, 2007). However, Gibbs who had earlier defined the thermodynamic function “available energy” was the first to explicitly introduce the notion of available work, including the diffusion term.  the Frenchman L.G. Gouy and the Slovak A. Stodola  independently derived an expression for “useful energy”  as the difference between the enthalpy and the product of a reference temperature (which they specifically stated to be the ambient, or environment temperature) and the change in entropy (Cornelissen, 1997). Gouy & Stodola applied the dissipated work concept (exergy destruction in modern terms) to thermal machines (Sciubba and Wall, 2007). 
Fran Bošnjakovic (1938) laid the foundation of the German school of applied and theoretical thermodynamics that were to further develop the concept of exergy two decades later Sciubba and Wall (2007). He published fundamental contributions to the identification of irreversibilities by a proper Second Law analysis, and stressed the importance of Gibbs availability, that he called Work Potential. The concept of what we now call exergy analysis was entirely clear to all Authors (except perhaps for the very early ones: Carnot, Clapeyron and Clausius). The problem of the reference state had already been posed, but was not investigated at all in its implications; the possible effects of a Second Law analysis on the then scarcely available cost-efficiency correlations was also well understood, but the emphasis was generally placed on the possibility of decreasing the internal process irreversibilities and improving the real efficiency of the processes under examination (Sciubba and Wall, 2007).
2.2 	Definition of the Concept and of Its Fields of Application
At a scientific meeting in 1953, Zoran Rant suggested that the term exergy should be used to denote “Technical Working Capacity.” (Rant, 1956) published a linguistic essay to discuss international equivalent names for this quantity (he proposed exergie in French, exergia in Spanish, essergia in Italian and eksergija in Slavic languages). By adopting this name, all previous expressions, such as available energy, availability, available work, potential work, useful energy and potential entropy could in principle, be abandoned. In practice, it took 50 years for Rant’s denomination to become accepted worldwide. Some American Authors still use the obsolete “Availability” terminology (Sciubba and Wall, 2007). 
The modern definition of exergy is a rephrasing of Gibbs’ original statement: The exergy of a thermodynamic system S in a certain state SA is the maximum theoretical useful work obtained if S is brought into thermodynamic equilibrium with the environment by means of ideal processes in which the system interacts only with this environment. Baehr (1962) gave another definition, which is still widely used especially in energy conversion applications: Exergy is the portion of energy that is entirely convertible into all other forms of energy. This definition is though misleading, because it implies that the total energy of a system is composed of two additive parts, one convertible (exergy) and one non-convertible (anergy which was defined according to Sciubba & Wall (2007) as the difference between energy and exergy of a system.  There are several examples of systems with a negative anergy such as solids below T0 and gases in certain ranges of T < T0 and P < P0 (where T and P are the temperature and pressure of a system and T0, P0 are the reference temperature and pressure of the system defined as when the properties of a system are not affected by interaction with manmade system), and this makes the use of Baehr’s definition cumbersome. The definition provided had its roots in fifteen years of intense debate about the exergy concept between 1950 - 1965 (Sciubba and Wall, 2007).
2.3	 Theoretical Developments
The fundamental analysis and development of the exergy concept proceeded at a constant pace in the last 45 years. More and more scholars became involved in Exergy Analysis, and there is no Country which can be regarded as leading the field though the vast majority of the works done so far were authored by US or German researchers, numerous fundamental contributions came from Russia and in general from the then Eastern Block, from Japan and from western Europe. One of the most debated topics is of course the definition of all the implications of the exergy function and of its theoretical applications (Sciubba and Wall, 2007).
2.3.1 	Engineering applications.
Applications of exergy methods to the analysis of energy conversion and chemical processes are very abundant in the archival literature: the list provided here is only indicative.
Gas turbine cycles: The gas turbine cycle is still a preferred topic for exergy analysis. Several papers continue to appear in archival publications, confirming the idea that the Brayton cycle (especially with the most recent advances in materials and blade cooling technology) will see some breakthrough in the near future (Sciubba and Wall, 2007).
Renewable energy cycles: The most suitable candidate for an exergy analysis is of course solar technology both for low and high temperatures. Luminosu and Fara (2004) worked on Exergy analysis of a flat plate solar collector. Parameters such as volumetric flow rate, nanoparticles volume fraction, mass flow rate, density and specific heat were taken into consideration for investigation. The highest energy and exergy efficiency of solar collector were obtained for CuO/water nanofluids among all nanofluids. Al2O3/ water and SiO2/ water nanofluids represent almost about the same performance but higher than water.
Heat exchangers and heat networking: Exergy is well suited to perform a systematic study of heat exchange processes, Bejan (1977) provides several examples of what he calls an “entropy generation rate” analysis aimed at the identification of optimal designs. This proved to be a very productive field. An exergy-based method for the optimal synthesis of heat exchanger networks was originally proposed by Pehler (1983) but was later developed into a systematic method by Sama (1983). District heating was analysed by Cornelissen and Hirs (1997).  
Cryogenics: Since the exergy content of a stream increases with decrease in the environmental temperature, cryogenics is yet another field in which an exergy analysis can provide new and original design insight. Some notable works done has been done on Heat driven cooling system Snoussi and Bellagi (2004) and Solar heat pump by Badescu (2002).
Chemical processes: The conversion of chemical exergy into thermal exergy, and vice versa the injection of thermal exergy to promote and maintain a chemical conversion is of great importance for industrial and power conversion applications. Already Zoran Rant in his doctoral dissertation discussed a Second Law analysis of a soda plant Sciubba & Wall (2007). Cornelisson et al (1995), Rivero (2001, 2002) studied exergy analysis in crude oil distillation, Ishida and Ohno (1983) worked on the application of energy direction factor diagram for exergy analysis of distillation columns. 
Industrial and agricultural systems analysis: There are several application studies in literature, most of them presented at Conferences and only few published in archival journals. Most early papers dealt with a boiler, a thermo-mechanical conversion plant and a steam locomotive Sciubba and Wall (2007). Most recently, Akpinar and Sarsilmaz (2004) analyzed the solar drying of apricots, Camdali and Celen (2004) worked on cement production process and Tunc and Camdali (2003) presented a paper on exergy analysis of a ladle furnace.
2.3.2  	Exergy life-cycle assessment
This is a line of research that has had little momentum since it was proposed by Cornelissen and Hirs (1997), but appears to deserve more attention as present resource management strategies move towards sustainability. In fact, all the most recent methods of exergy analysis (including Thermo-Economics, Cumulative Exergy Consumption and Extended Exergy Accounting) take a life-time perspective, and at least in theory trace the exergetic history of a commodity from well or mine to final disposal.
2.2.3	 The future of exergy
To foretell where exergy analysis is going is a double-edged argument: the present authors are obviously rather strongly biased towards Complex Systems issues, and this might have influenced the following conclusions. However, with the obvious caveat that such a prediction has to be taken with care, it is concluded that: 
1. It is clear that Process Analysis will see more and more applications of Exergy methods. The present ever increasing number of publications in the field of organic- and inorganic Chemical Processes is a sure sign that accounting for real process irreversibilities provides a better grasp of even complex processes such as distillation and petroleum cracking.
 2. It is also clear that Thermo- Economic methods will be more and more extensively adopted in the assessment of industrial processes and production cycles. There are still some issues as to the inclusion of environmental considerations. Some major research effort is needed in this area, because the presently proposed solutions are not entirely satisfactory.
3. System synthesis is most likely the next frontier, the possibility of formulating an optimization problem in which the independent variables are not only related to process parameters but also to process configuration is very real already, the problem can be solved by Mixed Integers Linear Programming (MILP) techniques (Sciubba and Wall, 2007).
4. The interconnection of the exergy concept with environmental issues is also likely to be explored in more depth. Exergy is not a measure of environmental impact, but in essence at the end of the life cycle of any device, plant and product, the exergy balance of the extraction – transformation – production – distribution – use – disposal cycle shows how many primary exergy resources have been actually used up.
2.4	 Concept of Exergy
Exergy is commonly defined as the maximum theoretical work that can be extracted from a combined system consisting of a system under study and its environment as the system passes from an initial state to a state of equilibrium with the environment. When a system is in equilibrium with the environment, the state of the system is called reference environment and its exergetic value is zero. Total exergy (ET) of a stream is constituted by four main components:
The system ideal work is given by Nuhu et al (2012):	
Wideal = ∆H – T0SG 									  (2.1)
∆H = Σnhe – Σnhi                                                                                          		  (2.2)
But SG is given as
SG = Σn∆S – Σθ/T0                                                                                        		  (2.3)
η =                                                                                                                                                        	                     (2.4)
η = 1 -                                                                                       	              (2.5)
but Idestruction = T0SG                                                                                                     (2.6)
And
Ein = m[hin – h – T0(sin – s)]                                                                                         (2.7)
Ex = h – h0 – T0(s – s0)                                                                                                 (2.8)
χ = mEx = m[h – h0 – T0(s – s0)                                                                                   (2.9)
Where
∆H = Enthalpy change
T0 = Reference temperature
SG = Total entropy generation
∆S = Entropy change
θ = Streams heat losses
h = specific enthalpy
s = specific entropy.
η = efficiency.
χ = Exergy of Streams
On the other hand, the chemical exergy (Ech) is the maximum useful work obtainable as the system passes from the restricted dead state, where only the conditions of mechanical and thermal equilibrium are satisfied, to the dead state where it is in complete equilibrium with the environment. The kinetic (Ek) and potential (Ep) exergies are associated with the system velocity and height, respectively measured relative to a given reference point. When a system is at rest relatively to the environment (Ek =Ep = 0), the total mass specific exergy (ET) of a stream is defined as:
   Eph + Ech                                                                                                         (2.10)
2.5 	Components of Exergy 
Based on the second law, an opportunity exists for generating work when two systems at different states are allowed to come into equilibrium. Exergy is the maximum theoretical work obtainable as a suitably idealized system called exergy reference environment and the system of interest interact to equilibrium (Shapiro et al., 2006). The modern definition of exergy is given as The maximum theoretical useful work obtained if a system (S) is brought into thermodynamic equilibrium with the environment by means of processes in which the system (S) interacts only with this environment (Sciubba and Wall, 2007). 
As there are many forms in which energy flows present themselves in nature, there are several corresponding forms of exergy. The most commonly used are listed in Table 2.1.
Table 2.1: Exergy components 
[image: ]Source: Ghannadzadeh (2012)
The physical significance of the “exergy equivalence” is given as follows: 
(i)  The kinetic energy of a system traveling at a speed V with respect to a Galilean frame of reference can be in principle entirely recovered into any other form: potential (principle of the ideal pendulum); heat (friction brake); mechanical (impulse turbine); or electrical (piezoelectric effect). Therefore, quantity of kinetic exergy is equal to quantity of kinetic energy. 
(ii)  The same applies to gravitational potential energy and to all energy forms related to motion in a conservative force field. Therefore, quantity of potential exergy is equal to quantity of potential energy. 
(iii)  Mechanical work and electrical energy can also be freely converted into each other.  
(iv)  Chemical energy cannot be entirely transformed into mechanical work; the maximum work that can be extracted from a system composed of a single pure substance depends on the chemical enthalpy of formation of that substance and the difference between its concentration in the system and in the reference environment. 
(v) Heat is the least available form of energy flow: the portion that can be converted into work depends on both the system and reference temperatures. 
(vi)  Energy emission from a blackbody at temperature T is σT4 which can be thought as heat transferred to a sink at 0°C. But the exergy of that radiation in a reference environment at T00 is not given by Carnot's efficiency because a radiator at temperature T cannot transfer the amount of heat σT4 to a heat sink at the same temperature T. In order to avoid any entropy generation, an infinite number of intermediate heat sources at temperature Ti, absorbing radiation at Ti + dTi and emitting radiation at Ti, can be imagined, with an infinite number of Carnot engines extracting the maximum work from the net heat input at each, d(σT4) = 4 σT3dT (Ghannadzadeh, 2012). 
2.6 	Methodology of Application of the Exergy Analysis
The basis for the application of exergy analysis to a system is the block method. In this method, the system is assumed to be a block or black box that can have interactions with their surroundings of three kinds and only three: heat transfer, work transfer and mass transfer. Figure 2.1 shows the block method of Exergy analysis. Mass transfers accompany the input of raw materials and utilities such as steam, chemicals, catalysis, by the output of products, by-products, waste materials. Work and heat transfers are represented by the energy needs (electricity, mechanical work, solar radiation) and the energy outputs and wastes.
This approach does not imply any restriction regarding the size of the block: an industrial process can be considered as a single block or as a group of blocks; an equipment item can be considered as a single block, as the portion of a block or as a group of blocks as shown in Figure 2.1. The main objective of the exergy analysis is to find the critical points in a system where it is necessary to apply some measures in order to reduce exergy consumption and to make energy use more economic and efficient (Rivero et al., 2004).
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Figure 2.1: Block Method of Exergy Analysis
Source : Rivero et al. (2004).
The first step in the application of an exergy analysis to a system consists in representing the system by a series of blocks. Inputs and outputs of each block represent the main process parameters, including exergy values for each stream participating in the block. Once the block diagram has been stated, with which the boundaries of the system are obviously defined, it is possible to conduct mass, energy (enthalpy) and entropy balances, globally and for each block, from which the exergy balance and the exergy performance parameters are obtained.
2.7 Performance Criteria for Exergy Analysis 
The performance parameters are classified into three categories: quantitative parameters, qualitative parameters and combined parameters, such as the exergy losses, the effectiveness and the exergy improvement potential, respectively. These parameters are described below.
 2.7.1. Exergy losses
The exergy losses of a system can be split in two. On one side are those resulting from the irreversibility of the processes taking place in the system (internal losses), and on the other side, those resulting from an exergy discharge to the environment (external losses). The irreversible exergy losses are the difference between the total input exergy (Exti) and the total output exergy (Exto). These losses can also be calculated using the Gouy–Stodola theorem Rivero et al (2004):
Irr = ΣExinput – ΣExoutput = T0 ∆S                                                                               (2.11)
Irr = Exti - Exto                                                                                                            (2.12)
Where:
Irr = Irreversibility of the system
ΣExinput = Summation of Exergy input
ΣExoutput = Summation of Exergy output
T0 = Reference temperature
∆S =Change in entropy of the system
The irreversible exergy losses can also be expressed considering the system as a couple (source–sink, donor–acceptor, fuel–product), obtained from the difference between the net supplied exergy Exns (by the source(s), donor(s) or fuel(s)) and the net produced exergy Exnp (to the sink(s), acceptor(s) or product(s). 
The effluent exergy losses represent the ecological effects of rejecting streams to the environment; they are simply the sum of all exergy streams rejected to the environment:
 Efl = ΣExrejected to the environment                                                                                                               (2.13)
Where:
Efl = Effluent exergy loss
ΣExrejected to the environment  = Summation of exergy loss to the environment                                                                                                                       
The Total exergy losses (Pex) in any system are then equal to the sum of irreversible and effluent losses:
 Pex = Irr + Efl                                                                                                           (2.14)
For any system composed of n blocks, the Gouy–Stodola theorem states that the overall exergy losses are the sum of the exergy losses of the n blocks.
2.7.2 	Effectiveness of systems (exergy)
In order to determine how well the desired effect of the system is accomplished, the effectiveness is calculated as the ratio of the net produced exergy to the net supplied exergy:                 
                                                                                                                    (2.15)              

The effectiveness can also be expressed as a function of the irreversible exergy losses since these are equal to the difference between both net exergies.
                                                                                                           (2.16)               
Where:
ᶓ = Effectiveness
Exnp = Exergy output
Exns = Exergy input
Irr = Irreversibility
The effectiveness is then the measure of the system’s capacity to produce the desired effect. In other words, it is the fraction of the net supplied exergy used to perform its function.
2.7.3	 Exergy improvement potential 
Total exergy losses and effectiveness are the quantitative and qualitative measures of energy degradation, respectively, and they can be combined to have a more complete parameter of the performance of the system called the exergy improvement potential (Rivero, 1997). 
The exergy improvement potential of the system is a measure of how much and how easily the system could be improved for optimization purposes. This parameter is based on the definition of thermodynamic potential for improvement (Pot) proposed by Rivero (1997). Incorporating an additional term to explicitly consider the effluent exergy losses,  It is obtained from the exergy losses and the effectiveness of the system:
Pot = Irr (1- ᶓ) + Efl                                                                                                   (2.17)

It is formed by three contributions: the absolute potential (Irr), the relative potential (1- ᶓ) and the environmental potential (Efl). The relative potential (1- ᶓ) is a measure of the facility to improve a system; if the effectiveness is very low the relative potential approaches its maximum value, so in principle the system should be improved easily; the absolute potential (Pot) is a measure of how much the system could be improved from inside itself by attacking its entropy production or irreversibility; the environmental potential (Efl) is a measure of how much the system could be improved from outside itself if the exergy of the effluents is used instead of rejected to the environment.
The exergy improvement potential makes it possible to determine the critical points of the system stating a hierarchy on its components in such a way that measures be applied in the places where they will be most effective. In order to optimize a system it is necessary to increase the effectiveness of the blocks with the higher irreversible exergy losses and to reduce the effluent exergy losses of the blocks where their utilization could be profitable. In order to optimize a system it is necessary to attack preferably the blocks with the higher exergy improvement potential. One of the most commonly used exergetic criteria is exergy efficiency. The exergetic efficiency evaluates the true performance of a process from the thermodynamic viewpoint. Based on the literature Rivero (1997), it is defined as ‘utilized’ exergy divided by ‘used’ exergy. In defining the exergetic efficiency, it is necessary to identify both a product and a fuel for the thermodynamic system being analyzed. The product represents the desired result produced by the system. Accordingly, the definition of the product must be consistent with the purpose of purchasing and using the system. The fuel represents the resources expended to generate the product, and is not necessarily restricted to being an actual fuel such as natural gas, oil or coal. Both the product and the fuel are expressed in terms of exergy. The simplest form of exergetic efficiency is the conventional exergetic efficiency. 
The traditional exergetic efficiency (η) is the ratio of the total outgoing exergy flow (Ėout)  to the total incoming exergy flow (Ėin):     
                                                                                                    (2.18)
Where: 
η = Exergy Efficiency
Ėout = Exergy output
Ėin = Exergy input
This is an unambiguous definition and can be used for all process plants and units. Unfortunately, it gives a good impression of the thermodynamic perfection of a system only when all the components of the incoming exergy flow are transformed to other components, in the case for power stations or for building heating and cooling systems. When all the components of the incoming exergy flows are not transformed to other component, the untransformed components give a false impression of the performance of the process plant or unit. For example, if we consider a chemical reactor with a zero reactive conversion factor, the input exergy rate will equal the output exergy rate and the traditional exergetic efficiency will equal one. There are no irreversibilities in the reactor but it does not produce anything. In this case, the traditional exergetic efficiency gives a false impression of the thermodynamic performance of the reactor. To solve this problem other exergetic efficiencies were proposed (Shukuya and Hammache, 2002).
2.7.4 	  Rational exergetic efficiency
The rational exergetic efficiency is defined by Shukuya and Hammache (2002) as a ratio of the desired exergy output to the exergy used or consumed.
                                                                       (2.19)
Desired exergy output Ėdesiredoutput is the sum of all exergy transfers from the system, which must be regarded as constituting the desired output, plus any by-product, which is produced by the system. The desired output is determined by examining the function of the system. Used exergy  Ėused   is the required exergy consumed for the process to be performed.
The rational efficiency (Ψ) can be applied to any system, except to purely dissipative systems, because no desired product can be defined in this case.                             
2.7.5        Utilizable exergy coefficient
According to Shukuya and Hammache (2002), Brodyansky et al (1994) introduced this form of exergetic efficiency, called utilizable exergy coefficient. This form of efficiency is an improvement on the traditional exergetic efficiency, because it subtracts the untransformed components from the incoming and outgoing streams. The following section introduces this concept. To any material, heat and work stream can be associated an exergy content, which is completely defined by temperature, pressure and composition of the stream itself and of a reference state, which is normally the environment in which the system operates. It is, therefore, possible to compute the exergy content of all incoming and outgoing streams to and from a system and to establish an overall exergy balance over any system, as shown in Figure 2.2.
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Figure 2.2: Grassham representation of overall exergy balance
Source : Ghannadzadeh (2012).
The total exergy input, Ein, of a real system is always higher than its exergy output Eout, because a certain amount of exergy is irreversibly destroyed within the system. This is generally referred to as the internal exergy losses or exergy destruction, Iint is directly linked to the thermodynamic irreversibilities in the system.
As illustrated in Figure 2.2, part of the exergy output from the system may dissipate into the environment as heat losses, sewage waste or smokestack effluents, for example. This wasted exergy, no longer usable by subsequent processes, constitutes the external losses, Iext. It is more appropriate, from the standpoint of downstream operations, to consider the exergy that remains utilizable, Eu, rather than the total output, E". Only part of the utilizable exergy is produced by the system through the physicochemical phenomena that take place within its boundaries. The rest of the exergy that leaves the system with the utilizable exergy stream is a part of the exergy input, which has simply gone through the system without undergoing any transformation. This fundamental fact was first recognized by Kostenko (1983), he gave the name transiting exergy, Etr, to this fraction of the exergy supplied to a system. Transiting exergy was further characterized and algorithms have been developed for computing it directly Shukuya and Hammache, 2002) .On the basis of these observations a new coefficient of thermodynamic efficiency has been defined. The exergetic efficiency with transiting exergy is defined as follows:
	                                    (2.20)
 Where:
Ėtr = The transiting exergy rate
Ėpu = The produced utilizable exergy rate 
Ėc = The consumed exergy rate.
Ėtr = The transiting exergy.
İint = Internal Exergy losses
İext = External Exergy losses
2.8	 Standard Chemical Exergy of a Gas Mixture
The chemical exergy per mole of gas (k) is given by the following equation by Omar et al., (2015):
 = - R.T ln                                                                                                         (2.21)
For a mixture of gases, the chemical exergy per mole of the mixture could be estimated using:
  ech = Σ xk. + RT Σ xk.ln xk                                                                                   (2.22)
Where:
ech = Chemical Exergy per mole of mixture
R = Ideal gas constant
T = Stream temperature
xk = gas mixture
The exergy of fuel is equivalent to the calculated reversible work. The values of exergy of hydrocarbons and other components are listed in the literature and the chemical exergy of a fuel could be estimated using equation (2.22). It should be noted that the value of the specific chemical exergy of a fuel at dead-state conditions is between the lower and higher heating values of the fuel.
2.8.1 	Exergy balance in open systems
Unlike energy, exergy is not conserved in any real process. As a consequence, an exergy balance must contain a destruction term, which vanishes only for a reversible process (Omar et al., 2015). The general form of exergy balance for a control volume could be written as:
  = Σ Eheat + ΣEwork +Σmi .eT,i  - Σme eT,e - ED                                                      (2.23)
For a steady state system, equation (2.23) could be rewritten as:
0 = ΣEheat – Wcv + Σmi .eT,i  - Σme eT,e - ED                                                                (2.24)
In equation (6), the total specific exergy transfer at the inlets and outlets could be written as:
 ET = (h - h0) –T0 (s - s0) +Σ xk + RT Σ xk.lnxk                                                      (2.25)
Where:
ET = Total Exergy
h = Specific enthalpy of inlet and outlet streams
s = Entropy of inlet and outlet streams
h0 = Reference enthalpy
s0 = Reference entropy
Ecv = Exergy balance for a control volume
Σ xk = summation of gas mixture.
2.8.2 	Exergy destruction and exergy loss
Unlike energy, exergy is not conserved but destroyed by irreversibility within a system. These irreversibility may be classified as internal and external irreversibility. Main sources of internal irreversibility are friction, unrestrained expansion, mixing and chemical reaction. External irreversibility arise due to heat transfer through a finite temperature difference. Exergy is lost when the energy associated with a material or energy stream is rejected to the environment.
The rate of exergy destruction in a system component can be compared to the exergy rate of the fuel provided to the overall system, ĖF,tot giving the exergy destruction ratio. Alternatively, the component exergy destruction rate can be compared to the total exergy destruction rate within the system, ĖD,tot  giving the ratio. The exergy loss ratio is defined similarly by comparing the exergy loss to the exergy of the fuel provided to the overall system.
The inflowing exergy is calculated as the sum of the exergy of all the incoming flows. The outflowing exergy is the sum of all the useful flows that leave the system. The difference between the inflowing and outflowing exergy streams is the net exergy loss. Total exergy losses are apportioned to internal and external regions External exergy losses are the sum of the exergies of material and energy flows that are discharged and not utilized in the environment. Internal exergy losses are determined as the difference between the total and the external exergy losses. They are due to the irreversibility of the undergoing chemical reaction, the processes of mixing and the heat exchange. The exergy efficiency is determined as the ratio of outflowing to inflowing exergy (Cornelissen, 1997).

2.9	 Fundamentals of a Refinery Process
Petroleum refineries are large, capital-intensive, continuous - flow manufacturing facilities. They transform crude oil into finished, refined products (most notably LPG, gasoline, jet fuel, diesel fuel, petrochemical feedstocks, home heating oil, fuel oil, and asphalt) by separating crude oils into different fractions (each with a unique boiling range and carbon number distribution) and then processing these fractions into finished products, through a sequence of physical and chemical transformations. (International Council on Clean Transportation, 2011). 
Figure 2.3 is a simplified flow chart of a notional (typical) modern refinery producing a full range of high-quality fuels and other products. It is intended only to suggest the extent and complexity of a refinery’s capital stock, the number of process units in a typical refinery, and the number of co-products that a refinery produces. 
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Figure 2.3: Simplified flow chart of a notional modern refinery.
Source: www.osha-sle.gov
An appreciation of this complexity is essential to a basic understanding of the refining industry. Refineries produce dozens of refined products (ranging from the very light, such as LPG, to the very heavy, such as residual fuel oil). They do so not only because of market demand for the various products, but also because the properties of crude oil and the capabilities of refining facilities impose constraints on the volumes of any one product that a refinery can produce. Refineries can and do change their operations to respond to the continual changes in crude oil and product markets, but only within physical limits defined by the performance characteristics of their refineries and the properties of the crude oils they process. Finally, the complexity of refinery operations is such that they can be fully understood and optimized, in an economic sense, only through the use of refinery-wide mathematical models. Mathematical models of refinery operations are the only reliable means of generating achievable (i.e. feasible) and economic (i.e. optimal) responses to changes in market environment and to the introduction of new (usually more stringent) product specifications. 
In a simpler schematic representation of a petroleum refinery, Figure 2.4 illustrates the separation of crude oil into specific boiling range (carbon number) fractions in the crude distillation process. The Figure also shows standard industry names for these crude fractions, and indicates the subsequent refinery processing of these streams to produce a standard slate of finished refined products (ICCT, 2011).
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Figure 2.4: Schematic view of crude oil distillation and downstream processing
Source : ICCT (2011)




2.9.1      Classifying refineries by configuration and complexity 
Each refinery’s configuration and operating characteristics are unique. They are determined primarily by the refinery’s location, vintage, preferred crude oil slate, market requirements for refined products, and quality specifications (e.g., sulfur content) for refined products. In this context, the term configuration denotes the specific set of refining process units in a given refinery, the size (throughput capacity) of the various units, their salient technical characteristics, and the flow patterns that connect these units. 
Although no two refineries have identical configurations, they can be classified into groups of comparable refineries, defined by refinery complexity. In this context, the term complexity has two meanings. One is its non-technical meaning: intricate, complicated, consisting of many connected parts. The other is a term of art in the refining industry: a numerical score that denotes, for a given refinery, the extent, capability, and capital intensity of the refining processes downstream of the crude distillation unit (which, by definition, has complexity of 1.0). The higher a refinery’s complexity, the greater the refinery’s capital investment intensity and the greater the refinery’s ability to add value to crude oil by: 
(i) Converting more of the heavy crude fractions into lighter, high-value products and 
(ii) Producing light products to more stringent quality specifications (e.g., ultra-low sulfur fuels). 
Broadly speaking, all refineries belong to one of four classes, defined by process configuration and refinery complexity (ICCT, 2011).

 Table 2.2 : Refinery classification scheme. 
 Configuration                                                                   Complexity                         
                                                                 Ranking                                         Range
Topping                                                     Low                                                 < 2
Hydroskimming                                     Moderate                                           2 – 6
Conversion                                               High                                                6 – 12
Deep Conversion                                  Very High                                          > 12

Source : ICCT (2011).
2.9.1.1     Topping refineries
Topping refineries have only crude distillation and basic support operations. They have no capability to alter the natural yield pattern of the crude oils that they process; they simply separate crude oil into light gas and refinery fuel, naphtha (gasoline boiling range), distillates (kerosene, jet fuel, diesel and heating oils), and residual or heavy fuel oil. A portion of the naphtha material may be suitable for very low octane gasoline in some cases. Topping refineries have no facilities for controlling product sulfur levels and hence cannot produce ULSF. 
2.9.1.2     Hydroskimming refineries
Hydroskimming refineries include not only crude distillation and support services but also catalytic reforming, various hydrotreating units, and product blending. These processes enable upgrading naphtha to gasoline and controlling the sulfur content of refined products. Catalytic reforming upgrades straight run naphtha to meet gasoline octane specification and produces by-product hydrogen for the hydrotreating units. Hydrotreating units remove sulfur from the light products (including gasoline and diesel fuel) to meet product specifications and/or to allow for processing higher-sulfur crudes.  Hydroskimming refineries, commonplace in regions with low gasoline demand, have no capability to alter the natural yield patterns of the crudes they process. 
2.9.1.3       Conversion refineries
Conversion (or cracking) refineries include not only all of the processes present in hydroskimming refineries but also, and most importantly, catalytic cracking and/or hydrocracking. These two conversion processes transform heavy crude oil fractions (primarily gas oils), which have high natural yields in most crude oils, into light refinery streams that go to gasoline, jet fuel, diesel fuel, and petrochemical feedstocks.  Conversion refineries have the capability to improve the natural yield patterns of the crudes they process as needed to meet market demands for light products, but they still (unavoidably) produce some heavy, low-value products, such as residual fuel and asphalt. 
2.9.1.4       Deep conversion refineries
Deep Conversion (or coking) refineries are, as the name implies, a special class of conversion refineries. They include not only catalytic cracking and/or hydrocracking to convert gas oil fractions, but also coking. Coking units destroy the heaviest and least valuable crude oil fraction (residual oil) by converting it into lighter streams that serve as additional feed to other conversion processes (e.g. catalytic cracking) and to upgrading processes (e.g. catalytic reforming) that produce the more valuable light products. Deep conversion refineries with sufficient coking capacity destroy essentially all of the residual oil in their crude slates, converting them into light products. The Kaduna refining and Petrochemical Company (KRPC) and the Port Harcourt Refining Company (PHRC) both falls within the conversion refineries category.

  Table 2.3 : Refinery classes and characteristic yield patterns
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Source: Hart Resources Ltd (2006)
2.10  The Nigerian Refineries
The downstream industry in Nigeria is well established, the NNPC has three refineries, one in Port Harcourt (PHRC), one in Warri (WRPC) and the last one in Kaduna (KRPC). The refineries have a combined installed capacity of 445,000 BPSD. A comprehensive network of pipelines and depots strategically located throughout Nigeria links these refineries.
2.10.1 Port Harcourt Refining Company (PHRC)
The PHRC is in the Petroleum business to provide efficient petroleum refining services primarily to the nation, at a minimum cost and the international market at competitive prices, while spearheading the development and production of specialized petroleum products. With a total capacity of 210,000BPSD, the PHRC Limited is made up of two refineries; the old refinery commissioned in 1965 has a current nameplate capacity of 60,000 Barrels per Stream Day (BPSD) and the new refinery commissioned in 1989 has installed capacity of 150,000 BPSD.
The PHRC has five (5) process areas designated as Areas 1-5, as contained in the PHRC Section.
The new refinery is made up of Areas 1-4 while the old refinery is Area 5.
(i) Area 1 is made up of the Crude Distillation Unit (CDU) and the Vacuum Distillation Unit (VDU).
(ii)  Area 2 is made up of Naphtha Hydro treating unit (NHU), for hydrodesulphurization of Naphtha; the Catalytic Reforming Unit, for upgrading of Naphtha to reformate of higher Octane value; the Kero Hydro treating Unit (KHU), for treating Kerosene required for aviation use; the Continuous Catalyst Regeneration Unit, for activating and deactivating catalyst from the reformer; Hydrogen Purification, Fuel Gas Vaporizer; Sour Water Treatment and Caustic Treatment units.
(iii) Area 3 is made up of a Fluid Catalytic Cracking Unit (FCCU), for cracking of Vacuum Gas Oil (VGO) and heavy diesel oil, in order to obtain more valuable products, like PIVIS and LPG; Gas Concentration: Gas Treating and Mercaptan Oxidation units.
(iv)  Area 4 has three process units namely Dimersol, Butane Isomerisation and Alkylation units. The units are designed to produce high octane gasoline blend component.
(v)  Area 5, which is the old refinery, is made up of the Crude Distillation Unit (CDU); the Platform Unit (CRU), the LPG Unit, as well as utilities section.
The following products are produced at the PHRC; Liquefied Petroleum Gas (LPG), Premium Motor Spirit (PMS), Kerosene (aviation and domestic), Automotive Gas Oil (AGO - diesel), Low Pour Fuel Oil (LPFO) and High Pour Fuel Oil (HPFO). PHRC produces unleaded gasoline that meets international standard. With the four turbo generators, each with a capacity of 14MW of electricity per hour and four boilers, capable of generating 120 tons of steam per hour, the refinery is self sufficient in terms of power and utilities. The refinery is also capable of generating cooling/service water, plant/instrument air and nitrogen. Its Materials Management Department (MMD) overseas is responsible for the procurement and storage of the spare parts it needs for operation and maintenance. In addition, they have a fire fighting department that handles issues relating to fire hazard. It is within the mandate of the PHRC to provide Petroleum Products and services that will satisfy their customer’s requirements and expectations using modern technology at prices that guarantee customers' value (Hart Resources Ltd, 2006).
2.10.2 	     Kaduna refining and petrochemical company (KRPC)
KRPC was commissioned in 1980 as NNPC Refinery Kaduna, while its petrochemical plant was commissioned in March 1988.The petrochemical plant and the refinery were combined as one entity when the NNPC embarked on a commercialization exercise, and KRPC was incorporated into a limited liability company in November 1988. Its initial installed capacity was 100,000 Barrels per Stream Day (BPSD). It was established to cater for the growing demand of petroleum products across the country; it was especially to provide the demand for petroleum products in the Northern parts of Nigeria. The Refinery was designed to process both Nigerian and imported crude oils into fuel and lube products. After the de- bottlenecking exercise in December 1985, its installed capacity was increased from 100,000BPSD to 110,000BPSD Hart Resources Ltd (2006).
The Petrochemical Plant is a downstream part of the refinery plant and it gets its raw materials, including utility from the Refinery. Kaduna refinery produces premium motor spirit (PMS, petrol), dual purpose kerosene (DPK, kerosene), automotive gas oil (AGO, diesel) and low pour fuel oil (LPFO, black oil). Kaduna Refining and Petrochemical Company (KRPC) was established to efficiently and profitable manner process crude oil into refined petroleum products and manufacture linear alkyl benzene (LAB), and tins and drums for domestic consumption and export. As part of its objectives, the KRPC management ensures that the existing plants capacities are optimized for production, reduce the plants' operating costs, develop new products from existing facilities for use in downstream industries and extend refining services to the West African sub-region. Like other subsidiaries of NNPC, KRPC is owned 100% by NNPC.
2.10.3	 Warri refining and petrochemical company (WRPC)
Warri Refining and Petrochemical Company (WRPC) was incorporated as a limited liability company in 1983 after the merger of the then Warri Refinery and the Ekpan Petrochemical plant. It was built to process 100,000BPSD (barrels per stream day) of crude oil but was later expanded to process 125,000BPSD in 1987. The company has a design potential to generate 125MW of electrical power from three gas turbine generators and three steam turbines. The WRPC falls under the class of conversion refineries. The refinery is supplied with crude from Shell’s Forcados and Chevron’s Escravos terminals (Hart Resources Ltd, 2006).


2.11	 Petroleum Refining Processes
Petroleum refineries are very large industrial complexes that involve many different processing units and auxiliary facilities. Each refinery has it’s own unique arrangement and combination of refining processes largely determined by location, refinery products and economic considerations. Some of the major processing units in the refinery includes Crude Distillation Unit which comprises of both the Atmospheric Distillation Unit (ADU) and the Vacuum Distillation Unit (VDU), Catalytic Reforming Unit, Fluid Catalytic Cracking Unit (FCCU), Hydrodesulphurization Unit (HDS), Alkylation Unit, Visbreaker, Delayed Coking, Distillate Hydrocracker Unit.
2.11.1 	 Atmospheric distillation unit
Crude oil is sent to the Atmospheric Distillation Unit after desalting and heating. The purpose of Atmospheric Distillation is primary separation of various cuts of hydrocarbon namely fuel gas, Naphta, Kerosene, Diesel and Fuel oil. Distillation of crude oil is typically performed under atmospheric pressure. Low boiling fractions usually vapourizes below 400°C at Atmospheric pressure without cracking the hydrocarbon compounds. Therefore, all the low boiling fractions of crude oil are separated by atmospheric distillation. Crude oil obtained from the desalter at temperature of 250°C - 260°C is further heated in a Furnace to a temperature of about 350°C - 360°C, the hot crude is then into the distillation column that allows the separation into different fractions depending on the difference in volatility. The pressure is maintained at 1.2atm – 1.5atm so that the distillation can be carried out at atmospheric pressure. The heavy hydrocarbon residue left at the bottom of the Atmospheric distillation column is passed to the Vacuum distillation unit for further separation of hydrocarbons under reduced pressure.
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Figure 2.5: Summary of the Refining Processes
Source: Jean-luc (2016)



 




    
 CHAPTER THREE
3.0                                             METHODOLOGY
This chapter presents all the steps involved in the simulation and exergy analysis of the Atmospheric Distillation Units of the refineries. This unit was selected because it is a major energy consuming units and therefore requires extensive energy management Odejobi, (2015). The step involved in the simulation is shown in Figure 3.1. The data will be extracted from the laboratory manual (Appendix A) and the process flow diagrams (Appendix C) of the refineries. 
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Figure 3.1: Steps involved in the exergy analysis of the ADU
3.1         Data Extraction
A thorough study of the process flow diagrams as shown in Appendix A of the feed and products were carried out in order to extract all the necessary and available information required to carry out the process simulation of the Atmospheric Distillation Units of the refineries. The feed compositions as shown in the laboratory manual as shown in Appendix A were used to characterized the oil while the stream temperatures, pressures and mass flow rates were extracted to carry out the process simulation using ASPEN HYSYS version 7.3 (2011).
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Figure 3.2: Data extraction steps
 3.2 	Process Description
The Atmospheric Distillation Unit of the Kaduna Refining and Petrochemical Company was simulated using Aspen HYSYS version 7.3. The steps involved include creating a set unit and choosing a suitable fluid package. The next step was carrying out the oil characterization which was done using the Assay data provided in Tables 3.1, 3.2,.3.3 and 3.4 for Bulk Crude Properties, Light Ends Liquid Volume percent, True Boiling Point Distillation Assay and American Petroleum Institute Gravity Assay respectively. This data was from the Laboratory Operating Manual of the refinery. After the Assay has been determined, the next step is to create the blend to view the oil distribution, the simulation environment was then entered to add the equipments as they appear in the process flow diagram.
Table 3.1: Bulk Crude Properties
	
	                                        Bulk Crude Properties					    
             Molecular Weight                                                            371
                
             API Gravity                                                                     29.5


(Source: KRPC Laboratory Manual, 2016)




Table 3.2: Light ends liquid volume percent

                                     Light ends liquid volume percent
                i-Butane                                                                        0.19
                n-Butane                                                                       0.11
                i-Pentane                                                                       0.37
                n-Pentane                                                                      0.46
                Propane                                                                         0.00

(Source: KRPC Laboratory Manual, 2016)

Table 3.3: True boiling point (TBP) distillation assay 
                         
   Liquid volume percent distilled           Temperature (°F)                 Molecular weight

         0.0                                                        80.0                                          68.0
        10.0                                                       255.0                                       119.0
        20.0                                                       349.0                                       150.0
        30.0                                                       430.0                                      182.0
        40.0                                                       527.0                                      225.0
        50.0                                                       635.0                                     282.0
        60.0                                                       751.0                                     350.0
        70.0                                                       915.0                                     456.0
        80.0                                                      1095.0                                    585.0
        90.0                                                      1227.0                                    713.0
         98.0                                                     1410.0                                    838.0
(Source: KRPC Laboratory Manual, 2016)





Table 3.4: American petroleum institute (API) gravity assay            

Liquid volume % distilled                                                   API Gravity
         13.0                                                                                   63.28
        33.0                                                                                   54.56
        57.0                                                                                   45.91
        74.0                                                                                   38.21
        91.0                                                                                   26.01
(Source: KRPC Laboratory Manual, 2016)
These Assay data were defined by inputting each of the values for the TBP Assay, API Assay, Viscosity Assay, Dependent molecular weight Assay and the Independent density Assay. After inputting all the data, the Assay was completely defined and calculated. The Assay was then cut into individual petroleum hypocomponents used in the simulation. The Assay is cut to create the blend, the cut distribution shows the fraction of each product in the blend. The petroleum hypocomponents are added to the fluid package and the calculated light ends composition are transferred to the material stream as the inlet stream in the simulation environment. At the simulation environment, the unit operations or equipments are added one after the other as extracted from the process flow diagram starting from the pump. Each of these equipments are well defined by inputting properties such as temperature, pressure and flow rate till convergence is achieved before moving to the next equipment. The equipments or unit operations selected for simulation are two pumps, eight heat exchangers to raise the temperature of the inlet streams, one Desalter, one Flash drum separator modeled as a tank, a Furnace modeled as a heater and the Atmospheric Distillation Column which has 48 trays and 3 side strippers.

3.3  Process Simulation Procedure
Aspen HYSYS version 7.3 was used in the process simulation, the steps involved includes: 
1. Creating a unit set.
2. Choosing a property package.
3. Selecting the non-oil components.
4. Characterizing the Oil.
5. Creating and specifying the preheated crude and utility steam streams.
6. Installing and defining the unit operations in the pre-fractionation train.
7. Installing and defining the crude fractionation column.
 Crude oil is processed in a fractionation facility to produce naphtha, kerosene, diesel, atmospheric gas oil, and atmospheric residue products. Preheated crude (from an upstream preheat train) is fed to a pre-flash drum where vapours are separated from the liquids, which are heated in a furnace. The pre-flash vapours bypass the furnace and are recombined with the hot crude from the furnace. The combined stream is then fed to the atmospheric crude column for fractionation.
3.3.1	 Setting session preferences
1. HYSYS was started and a new case was created, the Simulation Basis Manager property view appears
2. From the Tools menu, select Preferences, the Session Preferences property view appears. The most important preference to set is the unit set. HYSYS does not allow change of any of the default unit sets listed, however, a new unit set can be created by cloning an existing one.
3.  Click the Variables tab, then select the Units page.
4.  In the Available Unit Sets group, Field was selected.
5. The Clone button was clicked and a new unit set named New User appears and is automatically selected as the current unit set.
6. In the Unit Set Name field, rename the new unit set to Field-density, then change the units for any variable associated with this new unit set.
7. In the Display Units group, find the Standard Density cell using the vertical scroll bar. The current default unit for Standard Density is lb/ft3. A more appropriate unit for this example is API_60.
8.  Click in the Standard Density cell on lb/ft3.
9.  Select the dropdown list of available units by pressing the Spacebar on the Down arrow.
10. In the unit list, API_60 was selected. 
11. Steps 8 - 10 were repeated to change the Mass Density units to API
12. The new unit set is now defined. Close the Session Preferences property view to return to the Simulation Basis Manager property view.
3.3.2 Building the simulation
Before defining a fluid package in HYSYS,  a component list for the fluid package was created. The component list contains non-oil components, Light Ends, and hypocomponents.  First add the non-oil components and Light Ends from HYSYS pure component library into the component list.
1. On the Components tab, click the Add button. The Component List property view appears. There are a number of ways to select components for simulation, one method is to use the matching feature. Notice that each component is listed in three ways on the selected tab. 
2.  To rename the component list, the Name field at the bottom of the property view was clicked and a new name was added. The following non-oil components were added: H2O, C3, i-C4, n-C4, i-C5 and n-C5.
3.  Ensure the Sim Name radio button is selected, and the Show Synonyms checkbox is selected.
4. Click in the Match field or press ALT M.
5. Select Water. HYSYS filters through its library, displaying only those components that matches input.
6.  With Water selected, add it to the Current Component List by pressing the ENTER key. Next Propane was added to the component list using a Family Filter.
7.  Ensure the Match field is empty, and click the View Filter button. The Filters property view appears as shown on the left.
8. On the Filters property view,  the Use Filter checkbox was selected to activate the Family Filter.
9.  The Hydrocarbons checkbox was selected, the remaining components are known to be hydrocarbons.
10. Double-click Propane to add it to the component list, add the remaining Light Ends components i-C4 through n-C5. 
11.  The first component to be added is (i-C4).
12. Click the Add Pure button. The selected components are transferred to the Selected Component group. 
13. The Component List property view was clicked and Filters property views to return to the Simulation Basis Manager Property view. On the Components tab, the Component Lists group now contains the name of the new component list that has been created.
3.3.3  Defining a fluid package
A fluid package contains the components and property methods that HYSYS will use in its calculations for a particular flowsheet. Depending on what is required, a fluid package can also contain other information, such as a petroleum fluid characterization. The fluid package for this simulation will contain the property package (Peng Robinson), the pure components H2O, C3, i-C4, n-C4, i-C5, n-C5, and the hypothetical components which are generated in the Oil characterization.
1. The Fluid Packages tab was clicked, then  the Add button. The Fluid Package: Basis-1 view appears. On the Set Up tab, the currently selected Property Package is <none>. Choose a property package that can handle hypothetical components before characterization.
2.  Peng Robinson property package can be selected by either using the up and down arrow keys to scroll through the list of available property packages until Peng Robinson is selected or using the vertical scroll bar to scroll through the list until Peng Robinson becomes visible, then click on it. The Fluid Package: Basis - 1 view appears as shown below.
3.  Close the Fluid Package: Basis - 1 view to return to the Simulation Basis Manager property view. The new fluid package is assigned by default to the main flowsheet.
3.3.4  Accessing the oil environment
The HYSYS Oil Characterization procedure is used to convert the laboratory data into petroleum hypocomponents.
1. On the Simulation Basis Manager property view,  the Oil Manager tab was clicked. The text on the right side of the property view indicates that before entering the Oil Environment, two criteria must be met, these includes (i) at least one fluid package must be present. For this simulation, only one fluid package, Basis-1, is selected and (ii) the property package must be able to handle Hypothetical Components, the property Package selected  is Peng Robinson.
2. To enter the Oil Characterization environment, click the Enter Oil environment button on the Oil Manager tab. The Oil Characterization property view appears.
In general, three steps must be completed before characterizing a petroleum fluid:
i. Supply data to define the Assay.
ii. Cut the Assay into hypothetical components by creating a Blend.
iii. Install the hypothetical components into the fluid package.
3.3.5 Defining the assay
1. On the Assay tab, click the Add button to create and view a new Assay. The Assay property view appears, the Assay is defined based on TBP data
2.  From the Assay Data Type drop-down list, select TBP. The property view is customized for TBP data. The next task is to enter the composition of the Light Ends in the Assay.
3. From the Light Ends drop-down list, select Input Composition.
4.  In the Input Data group, select the Light Ends radio button.
5.  Ensure that Liquid Volume percent is selected in the Light Ends Basis drop-down list.
6.  The Composition cell for i-Butane was selected.
7.  Input 0.19, then press the ENTER key, advanced down one cell to n-Butane.
8. The remaining compositions as shown in the table 3.2. The total Percent of Light Ends in Assay is calculated and displayed at the bottom of the table. Before entering any of the assay data, activate the molecular weight, density, and viscosity curves by choosing appropriate curve types in the Assay Definition group. 
9. From the Bulk Properties drop-down list, select Used. A new radio button labeled Bulk Props appears in the Input Data group.
10.  From Molecular Weight Curve drop-down list, select Dependent. A new radio button labeled Molecular Weight appears in the Input Data group.
11.  From the Density Curve and Viscosity Curves drop-down lists, select Independent as the curve type. For Viscosity, two radio buttons appear as HYSYS allows us to input viscosity assay data at two temperatures.
The property view now contains a total of seven radio buttons in the Input Data group. The laboratory data are input in the same order as the radio buttons appear.
In the next few sections, the following laboratory assay data were entered:
• Bulk molecular weight and density
• True Boiling Point Distillation assay data
• Dependent molecular weight assay data
• Independent density assay data
• Independent viscosity assay data (at two temperatures)
A screenshot of the HYSYS interface showing the viscosity, boiling point, molecular weight, density and bulk properties assay definition is shown on Plate I.
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Plate I : Assay definition
(Source: ASPEN HYSYS, V7.3)

After inputting all the data above, The Assay is now completely defined. Click the Calculate button at the bottom of the Assay property view and the extrapolation method was selected as least squares foe viscosity, molecular weight and density while probability method was selected for distillation. HYSYS calculates the Assay, and the status message at the bottom of the property view changes to Assay was determined as shown on Plate II.

[image: ]
Plate II: API Assay Definition
(Source: ASPEN HYSYS, V7.3)
The working curves tab of the assay property view was clicked to view the calculated results. HYSYS has calculated 50 points for the boiling points, viscosity, density and molecular weight of the assay working curves. A screenshot of the assay working curve result is shown on Plate III. 
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Plate III : Assay working curves
(Source: ASPEN HYSYS, V7.3)
3.3.6  Cutting the assay (creating the blend)
Now that the assay has been calculated, the next task is to cut the assay into individual petroleum hypocomponents.
1. The Cut/Blend tab of the oil characterization property view was clicked.
2. The Add button was clicked. HYSYS creates a new blend and displays its property view.
3. In the list of available assays, Assay-1 was selected.
4.  The Add button was clicked. There are two results which are (i) The Assay is transferred to the Oil flow information table and (ii) A Blend (Cut) is automatically calculated based on the current Cut Option.
The Blend was calculated based on Auto Cut, the default Cut Option. HYSYS calculated the Blend based on the following default values for the boiling point ranges
The calculated properties of these hypocomponents used during simulation is shown on Plate IV.
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Plate IV: Hypocomponent Group
(Source: ASPEN HYSYS, V7.3)

The assay is transferred to the Oil flow information table. A blend (cut) is automatically calculated based on the current cut option. For this simulation, the blend was calculated based on Auto cut, the default cut option. HYSYS calculated the blend based on the following default values for the boiling point ranges and number of cuts per range.
Return to the tab, from the out option selection drop-down list, select User ranges. The ranges selection group appears. In the Starting Cut Point field, the crude Initial Boiling Point was entered as 80°F. This is the starting point for the first range. The same values as the HYSYS defaults are used for the other temperature ranges. In the Cut end point T column in the table, the value entered in this cell is the upper cut point temperature for the first range (and the lower cut point for the second range).  The remaining cut point temperatures was inputted and the number of cuts values was determined.
 The Submit button was clicked to calculate the blend based on the current initial cut point and range values. The message Blend was calculated appears in the status bar of the component properties table as shown on Plates V and VI.
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Plate V: Calculated blend result
(Source: ASPEN HYSYS, V7.3)
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Plate VI: Calculated blend result
(Source: ASPEN HYSYS, V7.3)

3.3.7 Oil distribution result
At the bottom of the cut input information group, the Straight run radio button was selected, and HYSYS provides default TBP cut point temperatures for each straight run product showing the begin and end temperatures. To view the distribution data, Oil distributions was selected from the Table Type drop-down list as shown in Plate VII.
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Plate VII : Oil distribution result
(Source: ASPEN HYSYS, V7.3)

Since Liquid Volume is the current Basis in the Table Control group, the products are listed according to liquid volume fraction. These fractions can be used to estimate the products flow rates for the fractionation column, these products includes Off gas, Light straight run, Naphta, Kerosene, Light diesel, Heavy diesel, Atmospheric gas oil and Residue. On the distribution plot, a graph of liquid volume fraction of total oil against Boiling point is shown on Plate VIII.
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Plate VIII : Oil distribution plot
(Source: ASPEN HYSYS, V7.3)

3.3.9  Installing the oil stream for simulation
The last step in the oil characterization procedure is to install the oil, which accomplishes the following:
• The petroleum hypocomponents are added to the fluid package.
• The calculated Light ends and Oil composition are transferred to a material stream for use in the simulation.
1. On the Oil characterization property view,  the Install oil tab was clicked.
2. In the Stream Name column, Preheat Crude was entered and the ENTER key was clicked. HYSYS creates a new stream named Preheat Crude in the flowsheet associated with the fluid package associated with this oil. In this case, there is only one fluid package (Basis-1) and one flowsheet (the main flowsheet), so the stream is created in the main flowsheet. HYSYS assigns the composition of the calculated oil and light ends to stream Preheat Crude. The properties of the new stream can be viewed from the Simulation environment.
The characterization procedure is now complete. Return to the Basis environment by clicking the Leave oil environment icon. Components tab of the Simulation basis manager property view was clicked. Select Component list - 1 from the list in the component lists group. Click the View button to open the component list property view. The hypocomponents generated during the oil characterization procedure now appear in the selected components group.
3.4 	Entering the simulation environment
To leave the Basis environment and enter the simulation environment, click the enter Simulation environment icon. the initial property view that appears depends on the current preference setting for the Initial Build Home property view. Three initial property views are available: PFD, Workbook, and Summary. 
3.4.1 	Installing the feed stream
1. On the Material Streams tab of the workbook, the stream name Feed 1 was typed in the cell, and press ENTER to define the feed conditions.
2.  Move to the Temperature cell for Feed 1 by clicking it, type 25 in the Temperature cell. In the Unit drop-down list, HYSYS displays the default units for temperature as C. 
3. In the Pressure cell, type 18, the unit is kg/cm2. 
4.  In the molar flow cell, 13.75  was typed and the ENTER key was clicked. The molar flow unit is in kgmole/h.
5.  Close the workbook property view. The PFD becomes visible and displays a light blue arrow on it, labeled Feed 1.
6. The composition page was clicked and by default, the components are listed by mole fractions, click on the mole fractions cell for the first component, the input composition for Stream property view appears, enter the fraction of each component the total at the bottom of the property view will equal 1.0000.
HYSYS accepts the composition when the OK button was clicked. The stream is now completely defined, so HYSYS flashes it at the conditions given to determine its remaining properties. The Feed property view and access the Workbook property view by clicking on the Worksheet. A screenshot of the material feed stream indicating the conditions as OK is shown on Plate IX.
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Plate IX: Material Stream
(Source: ASPEN HYSYS, V7.3)
	
3.4.2  Installing unit operation components
The components of unit operations involved in the Atmospheric Distillation process will be installed one after the other as shown in the process flow diagram in Appendix C.

3.4.2.1	 Pump
The pump operation is used to increase the pressure of an inlet stream. Depending on the information specified, the pump calculates the unknown pressure, temperature or the pump efficiency.
1. From the flowsheet menu, the object pallete was selected by pressing F4 or double clicking the pump icon to install the pump operation on the PFD.
2. Double click the Pump P-100 to open the window.
3. In the inlet, select feed and pump out was selected in the outlet.
4. Once a pump has enough information, a green bar appears on the worksheet page to indicate convergence as shown on Plate X. 
5. For a pump to have enough information, it only requires outlet pressure assuming that the inlet feed is fully specified. In this case the outlet pressure is 20kg/cm2.
[image: ]
Plate X: Pump P-100 worksheet
(Source: ASPEN HYSYS, V7.3)


3.4.2.2 Installing the heat exchanger
1. The Object Palette was accessed by pressing F4.
2.  On the Object Palette, double-click the Heat exchanger icon. The property view appears and the connections page on the Design tab is active.
3.  In the Name field, the operation name was left as E-01-2.  The Inlet and Outlet streams were attached as shown on Plate XI. 

[image: ]
Plate XI: Heat Exchanger E01-2
(Source: ASPEN HYSYS, V7.3)

The new streams were created by selecting the appropriate input field, typing the name, then pressing ENTER. To achieve convergence, the following steps were carried out:   
i. The Parameters page was clicked to input both the tube side and shell side delta P.
ii.   The Rating tab was clicked, and the Sizing page was selected.
iii.   In the Configuration group, the Tube passes per Shell cell was selected and the value was changed to 1, to model counter current flow.
iv. A warning appears that the number of tube passes must be an even multiple of the shell passes. The OK button was clicked.
The Heat exchanger property view was closed to return to the workbook property showing the conditions as OK is presented as Plate XII.
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Plate XII: Heat exchanger E01-2 worksheet
(Source: ASPEN HYSYS, V7.3)

3.4.2.3      Installing the second heat exchanger
1. The Object Palette was selected by pressing F4.
2.  On the Object Palette, double-click the Heat exchanger icon. The property view appears, the connections page on the design tab is active.
3.  In the Name field, the operation default name was left as E-03. The Inlet and Outlet streams were attached, the tube side inlet and outlet are E-01 out and E-02 out while the shell side inlet and outlet are E-03 utility and E-03 out respectively as shown on Plate xiii and the worksheet indicating the condition as Ok is shown on Plate XIV.	
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Plate XIII: Heat Exchanger E-03
(Source: ASPEN HYSYS, V7.3)
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Plate XIV: Heat exchanger E-03 worksheet
(Source: ASPEN HYSYS, V7.3)

3.4.2.4  Installing the third heat exchanger.
1. The Object Palette was accessed by pressing F4.
2. On the Object palette, double-click the Heat exchanger icon. The property view appears and the Connections page on the Design tab is active.
3. In the Name field, the operation name is left as default E-04. The Inlet and Outlet streams were attached and the tube side inlet and outlet are E-02 out and E-03 while the shell side inlet and outlet are E-04 utility and E-04 utility out respectively as shown on Plate XV.
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Plate XV: Heat exchanger E-04
(Source: ASPEN HYSYS, V7.3)

To converge the Heat exchanger E-04, steps 4 - 10 from the first heat exchanger installation were repeated for the unit and the worksheet indicating the conditions as OK is shown on Plate XVI.



[image: ]
Plate XVI: Heat exchanger E-04 worksheet
(Source: ASPEN HYSYS, V7.3)

3.4.2.5	 Installing the desalter
Install the desalter using a separator from the Unit operations tab, which splits the two-phase stream into its vapour (salt) and liquid (desalted) phases.
1. In the Workbook property view, the Unit operations tab was clicked.
2.  Unit operation button was added, The Unit operations property view appears.
3.  In the Categories group, select the vessels radio button.
4.  In the list of available Unit operations, A Separator was selected as the desalted.
5.  The add button was selected and the Separator property view appears, displaying the Connections page on the Design tab.
6.   The Inlets list was selected by clicking on the Stream cell.
7.  Open the drop-down list of available feed streams.
8.   Highlight the stream name E-03 by clicking the down arrow and then press ENTER.
9. Vapour Outlet was selected by cell by pressing ALT V.
10.  The vapour outlet stream was created by typing Salt and pressing ENTER.
11. On the Connections page, the inlet stream is selected as E-O3 and the outlet streams are Salt and desalted for the vapour and liquid phase respectively as shown on Plate XVII.
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Plate XVII: Separator V-100 (Desalter)
(Source: ASPEN HYSYS, V7.3)

On the parameter page, input 127°C as the temperature of the inlet stream E -03, click on the worksheet to view the calculated parameters of the desalter vapour outlet and liquid outlet streams. Plate XVIII shows the worksheet of the desalter and indicates the conditions of the salt and desalted streams as OK
[image: ]
Plate XVIII: Desalter worksheet
(Source: ASPEN HYSYS, V7.3)

3.4.2.6 Installing the fourth heat exchanger
1. The Object Palette was selected by pressing F4.
2. On the Object Palette, double-click the Heat Exchanger icon. The property view appears and the Connections page on the design tab is active.
3. In the Name field, the operation default name was left as E-05, attach the Inlet and Outlet streams.
4.  The names of the tube side inlet and shell side inlet was inputted as desalted and E-05 utility respectively.
5.  The tube side outlet and the shell side outlet are Des_Out and E-05 utility out respectively.
6.  On the design page, the connection is shown on Plate XIX and the heat exchanger worksheet showing the conditions as OK is shown on Plate XX.  
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Plate XIX: Heat exchanger E-05
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Plate XX: Heat exchanger E-05 worksheet
(Source: ASPEN HYSYS, V7.3)
3.4.2.7	 Installing the fifth heat exchanger
1. The Object Palette was accessed by pressing F4.
2.  On the Object palette, double-click the heat exchanger icon. The property view appears and the Connections page on the Design tab is active.
3.  In the Name field, the operation default name was left as E-06 and the Inlet and Outlet streams were attached.
4.  Input the names of the tube side inlet and shell side inlet as Des_Out and E-06 utility respectively.
5.  The tube side outlet and the shell side outlet are Flash drum feed and E-06 utility out respectively.
6.  On the design page, the connection is shown on Plate XXI.
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Plate XXI: Heat Exchanger E-06
(Source: ASPEN HYSYS, V7.3)

Steps  4 - 10 from the first heat exchanger installation were repeated and the worksheet indicating the conditions of the streams as OK is shown on Plate XXII.
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Plate XXII: Heat exchanger E-06 worksheet
(Source: ASPEN HYSYS, V7.3)

3.4.2.8	 Installing the tank
1.   The Object palette was accessed by pressing F4.
2.   On the Object palette, double-click the Tank.
3. . The default name was changed to D-01, attach the inlet and outlet feeds as shown on the design page below.
4. . Input the names of the vapour and liquid outlet to be V and 2 respectively.
5.  On the parameter page, the Delta P was inputted and on the design page, the connection is shown on Plate XXIII.
6. On the worksheet page, a screenshot showing the conditions of the streams as OK indicating a converged unit is shown on Plate XXIV.
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Plate XXIII: Tank D-01 connection 

[image: ]
Plate XXIV: Tank D-01 worksheet
(Source: ASPEN HYSYS, V7.3)

3.4.2.9  Installing the pump
The pump operation is used to increase the pressure of an inlet stream. Depending on the information specified, the pump calculates the unknown pressure, temperature or the pump efficiency.
1. From the flowsheet menu, the object pallete was selected by pressing F4 or double clicking the pump icon to install the pump operation on the PFD.
2. The Pump P-100 was double clicked to open the window and the default name was changed to P-02.
3. In the inlet, scroll down to select 2 and 3 in the outlet as shown on Plate XXV. 
4. On the energy feed, type P-duty.
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Plate XXV: Pump P-02 connection
(Source: ASPEN HYSYS, V7.3)

The pump operation converged and the conditions of the inlet and outlet streams are shown on the worksheet table on Plate XXVI.
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Plate XXVI: Pump P-02 worksheet
(Source: ASPEN HYSYS, V7.3)
	
3.4.2.10  Installing the sixth heat exchanger
1. The Object palette was accessed by pressing F4.
2.  On the Object palette, double-click the heat exchanger icon. The property view appears and the connections page on the design tab is active.
3.  In the Name field, the operation default name is E-07. The Inlet and Outlet streams were attached.
4.  Input the names of the tube side inlet and shell side inlet as 3 and Residue respectively.
5.  The tube side outlet and the shell side outlet are 4 and Residue out respectively.
6.  On the design page, the connection indicating a converged unit is shown in Plate XXVII. 
7. Steps 4 - 10 from the first heat exchanger installation were repeated and the worksheet showing conditions as OK is presented on Plate XXVIII.	
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Plate XXVII: Heat exchanger E-07 
[image: ]
Plate XXVIII: Heat exchanger E-07 worksheet
(Source: ASPEN HYSYS, V7.3)


3.4.2.11     Installing the seventh heat exchanger
1. On the Object palette, double-click the heat exchanger icon. The property view appears and the connections page on the design tab is active.
2.  In the Name field, the operation default name is E-08. The Inlet and Outlet streams were attached.
3.  Input the names of the tube side inlet and shell side inlet as 4 and Kero respectively.
4.  The tube side outlet and the shell side outlet are 5 and Kero out respectively.
5.  On the design page, the connection indicating a converged unit is shown on Plate XXIX. 
6.   Steps 4 - 10 from the first heat exchanger installation were repeated and the worksheet showing the condition as OK is shown on Plate XXX .
[image: ]
Plate XXIX : Heat exchanger E-08 
(Source: ASPEN HYSYS, V7.3)
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Plate XXX: Heat exchanger E-08 worksheet
(Source: ASPEN HYSYS, V7.3)
	
3.4.2.1     Installing the last heat exchanger
1. The Object palette was selected by pressing F4.
2. On the object palette, double-click the heat exchanger icon. The property view appears and the connections page on the design tab is active.
3.  In the Name field, the operation default name is E-09. The inlet and outlet streams were attached.
4.  Input the names of the tube side inlet and shell side inlet as HGO and 5 respectively.
5. The tube side outlet and the shell side outlet are HGO out and 6 respectively.
6.  On the design page, the connection indicating a converged unit is shown on Plate XXXI. 
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Plate XXXI: Heat exchanger E-09 
[image: ]
Plate XXXII: Heat exchanger E-08 worksheet
(Source: ASPEN HYSYS, V7.3)


Steps 4 - 10 from the first heat exchanger installation were repeated and the worksheet showing conditions as OK is presented in Plate XXXII.
3.4.2.12  Installing the heater.
The furnace is modeled as a heater.
1.  The furnace to the right of the Separator was added and some empty space were made available by scrolling to the right using the horizontal scroll bar.
2. In the Object palette, the Heater icon was clicked. The cursor changes to a special cursor, with a black frame and plus symbol attached to it. The frame indicates the size and location of the operation icon.
3.  Position the cursor over the PFD to the right of the click to drop the heater onto the PFD. HYSYS creates a new heater with a default name, H-01 was inputted as the heater name, change the heater icon from its default to one more closely resembling a furnace.
4.  Right-click the heater icon, the object inspect menu appears. The Change icon command was selected from the Object inspect menu. The select con property view appears.
5.  The Wire Frame Heater 5 icon was clicked, the new icon appears in the PFD.
6.  The connection page indicating a converged heater is shown on Plate XXXIII.
7. The conditions of the heater showing the inlet and outlet streams as OK can be viewed on Plate XXXIV. 
	
[image: ]
Plate XXXIII: Heater H-01	
[image: ]
Plate XXXIV: Heater H-01 worksheet
(Source: ASPEN HYSYS, V7.3)



3.4.2.13   Installing the column
Aspen HYSYS has a number of pre-built column templates which can be installed and customized by changing attached stream names, number of stages and default specifications, and adding side equipment. A basic Refluxed Absorber column with a total condenser is installed and customized in order to illustrate the installation of the necessary side equipment.
1. Before installing the column, Preferences was selected from the HYSYS tools menu and the Simulation tab was clicked.
2.  On the Options page, the Use input experts checkbox is selected, then close the property view.
3.  The Refluxed Absorber icon on the Object palette was double clicked. The first page of the Input expert appears.
4. The main column has forty eight theoretical stages and three pump arounds. The value 48 was entered in the Stages field.
5.  Advance to the Optional Inlet Streams table by clicking on the Stream cell, or by pressing tab.
6.  The Tower feed was chosen as the feed stream to the column. HYSYS supplies a default feed location in the middle of the Tray Section (TS), in this case stage 45 (indicated by 45_Main TS). 
7. In the Optional Inlet Streams group, the Inlet stage cell for TowerFeed was clicked. 
8. Type 45 and press enter, or select 45_Main TS from the drop-down list of stages.
9.  The Stream in the same table was clicked, which was automatically advanced down one cell when attached to the Tower Feed stream.
10.  From the Stream drop down list, the Trim Duty stream was selected, which is also fed to stage 45.
11.  Advance to the Bottom Stage Inlet field by clicking on it or by pressing tab.
12.  In the Bottom Stage Inlet field, click the down arrow to open the drop-down list of available feeds.
13.  From the list, the Bottom Steam as the bottom feed for the column was selected.
14.  In the Condenser group of the Input Expert property view, the default condenser type is Partial. To the right of this group, there are two Overhead Outlets, vapour and liquid. In this case, the overhead vapour stream has no flow, and two liquid phases (hydrocarbon and water) are present in the condenser. The hydrocarbon liquid product is attached in the liquid Overhead Outlets field, while the water draw is attached using the Optional Side Draws table.
15.  Initial estimate values for condenser and bottom stage pressure and temperatures are left at default values.
16.  On the Design tab, the Monitor page was selected. The main feature of this page is that it displays the status of the column as it is being calculated, updating information with each iteration. The current Degrees of Freedom is one, indicating that only two specifications are active.
17.  The side strippers and the pump arounds are installed as specified in the process flow diagram. The simulation is thus complete with the connection page of the column shown in Plate XXXV.
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Plate XXXV: Connection page of the column
(Source: ASPEN HYSYS, V7.3)

The Connections page of a standard refluxed absorber property view is essentially identical to the first page of the refluxed absorber Input Expert, with a column schematic showing the feed and product streams. Side equipment have been added to the standard refluxed absorber, however, making the column non-standard. The Connections page has therefore been modified to show tabular summaries of the Column Flowsheet Topology (all equipment), Feed Streams, and Product Streams. 
The worksheet can be viewed on the condition page as shown in Plate XXXVI.
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Plate XXXVI: Worksheet page of the column
(Source: ASPEN HYSYS, V7.3)

The simulation of the Atmospheric Distillation Unit is complete and the result is shown on the spreadsheet. The Exergy analysis is then carried out on each of the major units which includes the Desalter, the Heat Exchangers, the Flash Drum, the Heater and the Column. This analysis can be done by carrying out calculations on Microsoft Excel using the existing mathematical formulas for availability, destruction and efficiency of the units. 
3.5 Exergy Analysis
Microsoft Excel was used to calculate the Exergy in, Exergy out, irreversibility and Exergy efficiency of the selected components of the Atmospheric Distillation Unit. The following parameters are extracted; Inlet and Exit Steam temperature, Reference temperature, molar flow, inlet enthalpy, outlet enthalpy, Reference enthalpy, inlet entropy, outlet entropy and Reference entropy of each of the streams entering and exiting the equipments. The units selected are in group; Heat exchanger (HE) 1 – 3 as (HE Group 1), Desalter, Heat exchanger 4 – 5 as (HE Group 2), Flash drum, Heat exchanger 6 – 8 as (HE Group 3), Furnace and the Distillation Column. The reference environment of a system is defined as when the properties of a system are not affected by interaction with manmade system, the reference environment temperature, enthalpy and entropy were 25°C, -289900KJ/Kgmole and 209.3KJ/Kgmole°C respectively. The result was extracted and tabulated.

				





					







				      CHAPTER FOUR	
4.0      		                     RESULTS AND DISCUSSION 
4.1  Results
From the worksheets of each of the major components selected for the Exergy analysis, the following parameters are extracted; Inlet and Exit Steam temperature, Reference temperature, molar flow, inlet enthalpy, outlet enthalpy, Reference enthalpy, inlet entropy, outlet entropy and Reference entropy of each of the streams entering and exiting the equipments. The units selected are; Heat exchanger 1 – 3 as (HE Group 1), Desalter, Heat exchanger 4 – 5 as (HE Group 2), Flash drum, Heat exchanger 6 – 8 as (HE Group 3), Furnace and the Distillation Column. The Exergy in, Exergy out, Irreversibility and Exergy Efficiencies were calculated using Microsoft Excel by inputting these parameters into their respective equations.
The performance parameters can be calculated from the following equations as given by (Nuhu, et al., 2012):	
 Wideal = ∆H – T0SG                                                                                                      (4.1)                                                                            
 ∆H = Σnhe – Σnhi                                                                                                        (4.2)                                                                            
  But SG is given as
  SG = Σn∆S – Σθ/T0                                                                                                     (4.3)                                                                            
  Ex = m [H – H0 – T0(S – S0)                                                                                      (4.4)                                                        
  Irreversibility is given as:
 Irr = ΣExinput – ΣExoutput = T0 ∆S                                                                                (4.5)
  Efficiency = Exoutput   / Exinput                                                                                                                  (4.6)                 


Where:
Ex = Exergy in and Exergy out
m = molar flow of streams (kgmole/h)
H = Specific enthalpy of streams (KJ/kgmole)
H0 = Reference Enthalpy (KJ/kgmole)
T0 = Reference Temperature (°C)
S = Specific Entropy of streams (KJ/kgmole.C)
S0 = Reference Entropy (KJ/kgmole.C).
The converged Simulation process flow diagram showing all the streams and equipments is shown in Plate XXXVII.
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Plate XXXVII : Converged simulated process flow diagram
(Source: ASPEN HYSYS, V7.3)



Table 4.1: Exergy Analysis Result
   Component            Exergy In (KJ/h)         Exergy Out (KJ/h)             Irreversibility (KJ/h)                                              
   HE- Group 1          362414.00                      286008.00                              76406.00
   HE-Group 2           730732.00                      668290.16                              62450.30                                                                                                                     
   HE-Group 3           3934314.00                   2534879.49                           381509.80
   Flash Drum           494761.80                       444367.84                               50393.30
   Desalter                342576.00                        175288.00                            167288.00
   Heater                   950042.00                       169596.11                             780445.00
   Column                3281640.49                     636030.47                             2645610.02
   Total                                                                                                          4164102.40

Table 4.2 : Exergy Efficiency and Contribution to Irreversibility
     Component                      Exergy Efficiency %                       Contribution to Irreversibility %
     HE-Group 1                          85.60                                                  1.63
     HE-Group 2                          91.40                                                  1.50
     HE-Group 3                          90.10                                                  9.16
     Flash Drum                          89.80                                                  1.21
     Desalter                                51.10                                                 4.02
     Heater                                  17.80                                                 18.70
     Column                                19.30                                                 63.50
      Total                                                                                             100.00

The contribution of each of the components towards total irreversibility or destruction is calculated and shown in the pie chart in Figure 4.1.

Figure 4.1: Pie chart showing the contribution of each component towards total irreversibility.
4.2  Discussion of Results
The process flow diagram of the converged simulation is shown in Figure 4.1, the column environment has 48 trays and three side strippers. The tables containing the parameters used in the calculation of exergy analysis are presented in Appendix C. These parameters include, reference temperature, reference entropy, reference enthalpy, molar enthalpy, molar entropy and molar flow rates for the inlet and exit streams were obtained from the simulation results. The modification involves selecting the first three heat exchangers connected in series as HE - GROUP 1, the next two heat exchangers connected in series as HE - GROUP 2 and the last set of heat exchangers as HE -GROUP 3. Other components selected are the Flash drum, the Desalter, the Heater (Furnace) and the Column. Components such as pumps and other auxiliary equipments were left out.
Table 4.1 presents the exergy analysis results of the Atmospheric Distillation Unit of the Kaduna Refinery and Petrochemical Company (KRPC) showing the efficiencies and Figure 4.2 presents the contribution towards total irreversibility of each of the major components selected. The ADU was analysed using the relations stated earlier in this work noting that the reference environment temperature, enthalpy and entropy are 25°C, -289900KJ/Kgmol and 209.3KJ/Kgmol°C respectively.
4.2.1 Exergy efficiency
It could be noted from the result presented that the Heat Exchangers have high Exergy efficiencies of 85.6%, 91.4% and 90.1% for HE - GROUP 1, HE - GROUP 2 and HE - GROUP 3 respectively. These high efficiencies of the heat exchangers could be due to the fact that almost all of the energy supplied into the unit was dissipated to heat within the process Rosen and Bulucea (2009). The Desalter has Exergy efficiency of 51.1% which leaves quite a large room for revamp potential. The Flash drum which is to reduce the heat load needed in the distillation column for separation process has a very high Exergy efficiency of 89.8%
The column has a very low Exergy efficiency of about 19% due to high entropy generation resulting from separation process taking place in the column, these involves momentum loss due to pressure driving force, thermal loss and mass transfer resulting from temperature driving force and mixing of fluids respectively in the column (Odejobi et al., 2014).
The Crude furnace modeled as a Wire Frame Heater 5 also has a very low efficiency of about 17% and a high value of irreversibility occur in this component. Inefficient furnace contributes to the environmental pollution and the depletion of fossil fuel problems due to higher fuel demand as it will require more energy and also to higher carbon emission. Exploring process modifications of hot and cold stream temperatures in the furnace and enhancement of heat recovery in the crude preheat train might help reduce inefficiency and reduction of heat losses in this unit.
4.2.2 Irreversibility
The Heater and Distillation column have high destruction or irreversibility of 2645610KJ/hr and 4164102.4KJ/hr respectively, the contribution to total irreversibility are given as 18.7% and 63.5% respectively of the entire lost work. This could be as a result of huge losses due to equipment age and inadequate maintenance, another reason for high lost work in the distillation column could be due to Exergy losses resulting from entropy generation as a result of temperature variation and pressure drop. Fractionators are known to be associated with low energy efficiency (Olakunle et al., 2011).  
The Exergy losses in the Flash drum, Desalter and the Heat Exchangers are quite small, they occur due to resistance and friction losses due to contact with the wall as the fluid flows through the Heat Exchanger units.
4.2.3 Potential for revamp
The potential for revamp for each of the components was investigated and the result showed that there high wastages in energy utilization and high potential for revamp of the Desalter, Heater and the Distillation Column as a result of low efficiencies. Since they are the major units that determines the overall Exergy efficiency of the crude distillation process and for optimum energy utilization, in a world of increasing energy demand and cost, total revamp of the units might be very necessary.
				

 CHAPTER FIVE
5.0                      CONCLUSION AND RECOMMENDATIONS
5.1  Conclusion
In this study, Exergy analysis of Atmospheric Distillation Unit of the Kaduna Refining and Petrochemical Company (KRPC) has been presented. In the considered ADU, the maximum energy lost was found in the distillation columns where 63.5% of the input energy was lost to the environment. Next to it was the energy loss in the Heater where it was found to be 18.7%, the other components considered were responsible for the remaining losses. In addition, the calculated Exergy efficiencies of the system showed very high efficiencies in the Heat Exchangers while the Heater and Distillation Column are highly inefficient. It is concluded from the results that a better quality of heat should be provided for the unit and a plant shutdown for overall revamp is recommended.
5.2  Recommendations
Aside from total revamp operation of the Atmospheric Distillation Unit, the effect of increasing number of trays of the distillation column on the overall Exergy efficiency and irreversibility should be investigated. This is because, hypothetically, increasing the number of trays results in better separation. The reflux and liquid flow to the bottom of the column should then be reduced which will increase pressure drop within the column, therefore the entropy generation due to liquid mixing resulting from separation within the column will reduced. Hence, overall Exergy efficiency should increase thereby reducing overall irreversibility.
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                                                      APPENDICES
                                                      APPENDIX A
A1: Bulk Crude Properties
                                      Bulk Crude Properties					    
Molecular Weight                                                           371
Api Gravity                                                                    29.5


A2: Light Ends Liquid Volume Percent
                         Light Ends Liquid Volume Percent
    i-Butane                                                                        0.19
    n-Butane                                                                       0.11
    i-Pentane                                                                       0.37
    n-Pentane                                                                      0.46
    Propane                                                                         0.00












A3: True Boiling Point Distillation Assay                                 
Liquid volume percent distilled           Temperature (°F)               Molecular Weight

    0.0                                                             80.0                                       68.0
    10.0                                                           255.0                                     119.0
    20.0                                                           349.0                                     150.0
    30.0                                                           430.0                                     182.0
   40.0                                                           527.0                                     225.0
   50.0                                                           635.0                                     282.0
    60.0                                                           751.0                                     350.0
    70.0                                                           915.0                                     456.0
    80.0                                                          1095.0                                    585.0
    90.0                                                          1227.0                                    713.0
     98.0                                                          1410.0                                    838.0

A4: American Petroleum Institute Gravity Assay                   
    Liquid volume % distilled                                                API Gravity
      13.0                                                                                   63.28
      33.0                                                                                   54.56
      57.0                                                                                   45.91
      74.0                                                                                   38.21
      91.0                                                                                   26.01
(Source : KRPC Laboratory Manual, 2016)


APPENDIX B
The parameters are tabulated for each of these components as shown in the tables below.
B1 : Heat exchanger  group 1 parameters
   Parameters                                 E-01/2              E-03           E-04
Steam Temperature (°C)                 82                  97                  127
Reference temperature (°C)             25                  25                  25
Molar flow (Kgmole/h)                 20                   20                  20
Inlet enthalpy (KJ/Kgmole)      -289400         -276200          -272200
Outlet enthalpy (KJ/Kgmole)   -276200         -272200          -263400
Ref enthalpy (KJ/Kgmole)       -289900         -289900          -289900
Inlet entropy (KJ/kgmole-C)       210.9               251.2             262.3
Outlet entropy (KJ/kgmole-C)    251.2               262.3            285.0
Ref entropy (KJ/kgmole-C)           209.3               209.3              209.3 	









B2 : Parameters for Desalter, Drum and Heater	
 Parameters                                Desalter                 Drum                Heater
Steam Temperature (°C)             122                      143                     360
Reference temperature (°C)          25                       25                        25
Molar flow (Kgmole/h)               20                      16.4                     16.4
Inlet enthalpy (KJ/Kgmole)    -263400             -253000                -275400
Outlet enthalpy (KJ/Kgmole) -306000             -331700                -222800
Ref enthalpy (KJ/Kgmole)     -289900              -289900               -289900
Inlet entropy (KJ/kgmole-C)       285.0               312.1                  502.8
Outlet entropy (KJ/kgmole-C)    311.1               382.6                  591.6
Ref entropy (KJ/kgmole-C)        209.3               209.3                  209.3 

The parameters for calculating exergy and efficiency for the second Heat Exchanger Group (HE Group 2) are shown in the Appendix B3.









B3: Parameters for HE Group 2
Parameters                                   E-05                          E-06
Steam Temperature (°C)              133                           143                    
Reference temperature (°C)           25                             25                        
Molar flow (Kgmole/h)                16.4                         16.4                     
Inlet enthalpy (KJ/Kgmole)      -333500                   -298600  
Outlet enthalpy (KJ/Kgmole)   -298600                   -298600   
Ref enthalpy (KJ/Kgmole)        -289900                  -289900   
Inlet entropy (KJ/kgmole-C)       231.7                       319.7                 
Outlet entropy (KJ/kgmole-C)    319.7                     329.3                  
Ref entropy (KJ/kgmole-C)        209.3                      209.3                   
 











B4: Parameters for heat exchanger group 3
Parameters                                 E-07                     E-08                   E-09   
Steam Temperature (°C)             179                      212                     255
Reference temperature (°C)          25                       25                        25
Molar flow (Kgmole/h)             13.7                      13.7                   13.7
Inlet enthalpy (KJ/Kgmole)    -331700             -331500              -292000
Outlet enthalpy (KJ/Kgmole) -323100             -309900              -289800
Ref enthalpy (KJ/Kgmole)     -289900             -289900               -289900
Inlet entropy (KJ/kgmole-C)       382.6               382.1                  468.9
Outlet entropy (KJ/kgmole-C)    403.0               431.8                  475.7
Ref entropy (KJ/kgmole-C)        209.3               209.3                   209.3 

For the column, the inlet streams are Wash water, Dummy feed, Steam and Heater product while the outlet streams are Wet gas, Unstable, H2O, LGO, HGO, CSO and T2O. The parameters use to carry out the exergy calculations of this component are tabulated below.






B5: Column inlet streams parameters
Parameters            Wash water      Heater product    Dummy feed      Steam
Steam Temp (°C)      30                      255                     255                  250     
Ref Temp (°C)          255                    255                     255                  255
Molar flow             554.0                 647.3                   825.5              24.99
Inlet enthalpy     -285000              -222900                  6460            -233400
Ref enthalpy      -275600               -275600                -275600        -275600
Inlet entropy         54.99                    592.2                    130.1           180.5
Ref entropy            664                       664                     664               664
 
B6: Column outlet streams
Parameters   Wet gas      Unstable    H2O     LGO    HGO    CSO     T2O
Steam Temp(°C)   37.70      37.70      37.70    375.5    375.5    355.5    473.7      
Ref Temp (°C)     255         255         255         255       255       255       255  
Molar flow        554.0     590.7       648.5       41.73     586.0   35.79   67.25      
Inlet enthalpy    -2.9e5    - 3.1e5    -2.8e5      -4.0e5    -5.4e5    -5.4e5  - 4.3e5 
Ref enthalpy      -2.9e5    -2.9e5     -2.9e5      -2.9e5     -2.9e5   -2.9e5   -2.9e5   
Inlet entropy    154.7      331.1      56.94        1235      1033      1034     667.3
Ref entropy     664           664        664           664        664         664      664
 


Sales	HE - GROUP 1
2%
HE - GROUP 2
1%
HE - GROUP 3
9%
HEN 1	HEN 2	HEN 3	FLASH DRUM	DESALTER 	HEATER	COLUMN	1.83	1.5	9.16	1.21	4.0199999999999996	18.7	63.58	105
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