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1. PKEAMBLE 
The Vice Chancellor Sir, Principal Officers of the University, 
Members of the University Council, Members of Senate, Provosts, 
Deans, Directors, Heads of Department, Invited Guests, Members 
of the Press, Distinguished ladies and Gentlemen, it is a pleasure 
for me to stand before you today with a feeling of fulfillment in 
life to deliver the 271'' Inaugural Lecture of Obafemi Awolowo 
University, Ile-Ife, and the 4'h inaugural lecture from the 
Department of Chemical Engineering. I give the glory to Almighty 
God who made this day possible in my life. 

The Vice Chancellor Sir, permit me to recount a brief history of 
what influenced my choice of Chemical Engineering as a course of 
study in the University of Ife (now Obafemi Awolowo University) 
and my choice of Process Design as an area of specialization. As a 
young boy, I was very inquisitive about how the things I use and 
the things around me were made. Secondly, the subject I liked 
most in secondary school was Chemistry. I desired to be an 
engineer (I was performing well in both the physical and biological 
science subjects) and when I heard about Chemical Engineering, I 
said it  must have a lot to do with Chemistry, and Chemical 
Engineering became my choice of course of study in the 
University. My passion for Process Design was ignited like fire 
during my undergraduate Industrial Training at the old Port- 
Harcourt Petroleum Refining Company, Eleme, Port-Harcourt. 
When I saw the high rising columns, the pumps, the heat 
exchangers, the tanks and the pipes, all connected together in a 
complex network (Plate l), the interest and the passion to become 
a process design engineer was planted in my heart. I graduated 
with a First Class Honours degree in Chemical Engineering in 
1975 and I was the best student in the Process Design Project. 



Plate 1: A typical crude oil distillation unit of a petroleum refinery 

After graduation, one of my lecturers wanted to know what would 
be the area of my study for higher degrees. I told him that it was 
process design. My hope to specialize in process design was 
dimmed when he told me that process design was not a research 
subject. He went further to say that process design was more like 
an art where you use your own creativity and ingenuity to create a 
design. He spoke the truth because that was "the state of the art" in 
process design at that time in most parts of the world. But 
something happened in the world to make process design a 
research subjectAstarting fromithe early 1970s. It was the Middle 
East war of 1967 -that brought zbout the "energy crisis" of the early 
1970s. The price of petroleum products shut up to the extent that 
the survival of process industries in Europe and America was 
threatened. It was then that the chemical and mechanical engineers 
in Industry and Academia in these nations began to ask the 
question "how can we design better processes to reduce the energy 
consumption in our process industries?" This sparked off research 
in process design in Industry and Academia in Europe and 
America. The research began in two directions, namely: 
thermodynamic or exergy analysis of processes and process 
synthesis or process integration. In my Master of Engineering 
studies at McGill University, Montreal, Canada, I acquired 
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experience in mathematical modeling and computer simulation of 
chemical processes, which was very useful in my Doctor of 
Philosophy studies. My Doctor of Philosophy studies at University 
of Strathclyde, Glasgow, Scotland, was on thermodynamic analysis 
of chemical processes. I thank God who helped me realize my 
ambition in life. 

Even though my Ph.D. research was on thermodynamic analysis of 
chemical processes, I had to acquire knowledge of process 
synthesis to enable me carry out research in process synthesis and 
thereby become a complete and modern process design engineer. 
The title of my inaugural lecture is: "Creativity and innovation: 
The applications of thermodynamics and synthesis techniques in 
improving and creating process industries." In this lecture, I will 
present the following: the components of process design, my 
contribution to knowledge in process design research, a novel 
method of integration of resources of a nation for the creation of 
manufacturing industries in Nigeria, highlights of my contribution, 
conclusions and recommendations, and finally my expression of 
gratitude and thanks. 

2. INTRODUCTION 

Various attempts have been made to define or explain the meaning 
of creativity and innovation. Creativity can be defined as the 
capability or act of conceiving a new idea and innovation as the 
implementation of the new idea. Creativity and innovation concern 
the process of creating and applying new knowledge (Gurteen, 
1998). Creativity and innovation are necessary for bringing forth 
the change required to obtain the competitive advantage. 

The design of process industries requires skills in process analysis 
and process synthesis or process integration. What is analysis? 
From Oxford Advanced Learner's Dictionary (Hornby, 2001) 
analysis is defined as "the detailed study or examination of 
something in order to understand more about it." Analysis deals 
with the understanding of how things are and how they work. What 
is integration? Again from Oxford Advanced Learner's Dictionary, 
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integration is defined as "the act or process of combinin, 0 two or 
more things so that they work together." Integration deals with the 
creation of artificial things that have desired properties. Civilized 
man relies ever increasingly on the artificial. Structures, clothing, 
tools, foods, medicines, methods of transportation and other 
artificial things are of man's creation. Raw materials intentionally 
are transformed to possess more useful or desirable properties to 
form the variety of things seen around us, such as: paper, rubber, 
petroleum products, glass, metals, paints, drinking water and 
electricity (Rudd et al., 1973). 

Historically and traditionally it has been the task of the science 
disciplines to teach about natural things, how they are and how 
they work. It has been the task of the engineering disciplines to 
teach about artificial things, how to make artificial things that have 
the desired properties and how to design. Of course, every person 
who devises courses of action aimed at changing existing 
situations into preferred ones can be said to be a designer. But the 
truth is that process network design in process engineering is so 
complex that it cannot be designed efficiently by someone who has 
not been trained to acquire the knowledge and the skills in process 
analysis and process integration. 

Chemical Engineering education began with a strong leaning 
towards analysis or engineering science, with the development of 
courses dealing with individual process operations and phenomena. 
Transport phenomena, unit operations, process control, reaction 
engineering, thermodynamics and other engineering science 
courses greatly strengthened chemical engineering education by 
showing how things are and how they work. Unfortunately, there 
was not a parallel development of courses dealing with integration 
- the combining of diverse concepts into a coherent whole to form 
a process industry. At the early beginning, the design of process 
industries was dependent more on the creative ability and 
ingenuity of the designers, and most of these old designs have been 
found to be highly inefficient in energy and material usage. 
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It was in the early 1970s, as a result of the "energy crisis" that 
followed the Middle East war of 1967 that major advances in 
creativity and innovation came into process engineering design. 
Research and development of courses in process integration in  
chemical engineering education began at that time. The advances 
in process integration from that time have been rapid leading to 
new concepts in process integration such as pinch technology 
method in amving at the final process network (Linnhoff and 
Turner, 1981). By means of these new concepts it is now possible 
to design more efficient process industries in terms of energy 
savings; capital and operating costs and emissions reduction; 
control, safety and reliability (Linnhoff, 1994). In the design of 
process industries, analysis and synthesis drive creativity leading 
to efficient designs (Kryssanov er al., 2001). The best process 

< design is amved at by the application of integration method at the 
beginning of the design. However, process integration method can 
be used to re-design an existing process designed by the traditional 
design method to improve its performance. 

Material and energy balances have always been essential aspects of 
the traditional chemical engineering approach to process design, 
development and operations. However, the growing importance of 
the efficient use of energy led to the development of analytical 
techniques which can help engineers develop more energy- 
efficient designs and processes. One such class of analytical 
techniques which was developed is called exergy analysis or 
second-law analysis. The exergy function was considered in 1878 
by Gibbs (Gibbs, 1928), and was further developed by Keenan 
(Keenan, 1941) and applied by Denbigh to a chemical process 
(Denbigh, 1956). Although the exergy concept has been known for 
some time, its application to chemical processes was not common 
in Europe and America until the beginning of the "energy crisis" of 
the 1970s. Even now in Nigeria, the application of exergy analysis 
to process improvement and design is not common both in 
academia and industry. 



3. CONTRIBUTION TO KNOWLEDGE 
3.1 Exergy analysis studies 
The thermodynamic property exergy, Ex, is derived from a 
combination of the first and second laws of thermodynamics. The 
exergy of a system can be defined as the work associated with a 
completely reversible system in bringing the system to equilibrium 
at the temperature and pressure of the environment (Gaggioli, 
1961). Sometimes definitions for exergy may include the chemical 
exergy of extraction of the pure materials from environmental 
precursors. Exergy has the same physical dimensions as energy. 
The change in exergy of a reversible system is defined as: 

W,.re, = AEx = AH -TOAS (1) 

where W,,,,, is the reversible shaft work, AEs  is the change in 
exergy of the system, AH is the change in enthalpy of the system, 
AS the change in entropy of the system and T ,  is the temperature of 
the environment. 

Gibbs free energy function is closely related to exergy but not 
identical with it. A change in Gibbs free energy function, AG, is 
defined as (Smith and van Ness, 1975): 

AG = M - A(TS) (2) 
Under the special circumstances of an isothermal (constant 
temperature) process we have: 

AG, = AH - TAS (3) 
If in addition, the condition is such that the isotherm is at To, then 

we have: 

A G ,  = AH -To AS = AEx (4) 
This means that the Gibbs free energy change is equal to the 
exergy change only for an isothermal process at To. The Gibbs free 
energy change is a measure of work extractable from an isothermal 
change of state. The exergy change by contrast is completely 
general; it measures the work extractable from any change of state 
(Sussman, 1980; Wilkie, 1973). 
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Real processes are not completely reversible, and they involve 
some degree of irreversibility. Exergy analysis provides a means of 
identifying and quantifying the thermodynamic irreversibilities in 
processes. For a work requiring process a simple exergy balance 
can be written as: 
Ws = AEx+ I ( 5 )  

where W, is the actual work requirement and I is the irreversibility 
of the process. Exergy is a potential, i t  drives processes and in so 
doing it is used up or consumed (Reistad, 1975; Gaggioli and Petit, 
1977). It is useful to distinguish two types of irreversibility that 
occur in processes, namely: the inherent or unavoidable 
irreversibility and the non-inherent or avoidable irreversibility. The 
inherent irreversibility depends largely on the process route and the 
chemical efficiency of the reactions. The non-inherent 
irreversibility depends largely on the process design and can be 
reduced by improvements in process design and operation. From a 
thermodynamic viewpoint, it is desirable to design processes with 
as little non-inherent or avoidable irreversibility as possible 
(Denbigh, 1956). To achieve this it is necessary that exergy 
analysis methodology be readily available to the process design 
engineer in flow sheet simulation environment. 

Exergy analysis gives insight into the nature and causes of 
irreversibilities in processes and how they can be minimized. The 
first-law energy balance does not account for the thermodynamic 
irreversibilities in processes and does not indicate how they can be 
reduced. Exergy analysis also provides a means of quantifying the 
second-law efficiency of processes. The second-law efficiency 
gives the true thermodynamic performance of the system and its 
maximum value is never greater than 100%. This is because it is 
defined with reference to the limitation imposed by the second-law 
of thermodynamics. On the other hand, the maximum value of the 
first-law efficiency is defined without reference to the limitation 
imposed by the second-law of thermodynamics and the value may 
be less than, greater than or equal to 100%. When the value of the 
first-law efficiency is greater than loo%, i t  is called the coefficient 
of performance (COP) as is done for the heat pump. 



3.1.1 Definition of overall second-law efficiency of chemical 
processes 
Various definitions have been put forward in the literature for the 
evaluation of overall second-law efficiency of chemical processes. 
Some of the well known definitions are those given by Riekert 
(1974), Reistad (1975) and Denbigh (1956). Anozie and Grant 
(1993) developed a new definition of the overall second-law 
efficiency of chemical processes from the exergy balance and the 
concept of net primary exergy. The actual work required or 
produced by a process is equivalent to the net primary exergy 
required or produced by the process. The general overall second- 
law efficiency of a work requiring process was derived as: 

YJ = A'-' process /AE- 'p r i r ,mn-  (6) 
and the general overall second law efficiency of a work producing 
process was derived as: 

YJ = AExprirnnq /AExprorrrs (7) 
The primary exergy is usually in the form of work (electrical, 
mechanical) and heat exergy (steam) and the process exergy is in 
the form of material exergy and chemical reaction exergy. 

The overall second-law efficiency of a nitric acid plant, a work 
producing process, was evaluated at two plant throughputs using 
the efficiency definitions of Riekert (1974), Gaggioli and Petit 
(1977). Reistad (1975), Denbigh (1956), and Anozie and Grant 
(1993) and the results are summarized in Table 1. 
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T a ~ l e  1: Overall second-law efficiency results for the nitric acid 
plant 

Definition 

Riekert (1974) 

The values of the overall second-law efficiency obtained using the 
definitions of Riekert (1974), and Gaggioli and Petit (1977), show 
that the plant is more efficient at the lower throughput than at the 

' higher throughput. This is in disagreement with real world practice 
and suggests that these definitions are not meaningful. The values 
of the overall second-law efficiency obtained using the definitions 
of Reistad (1975), Denbigh (1956), and Anozie and Grant (1993), 
are the same and the values at the higher throughput are greater 
than the values at the lower throughput which is in agreement with 

Overall second-law eficiency, % 
105% design [ 70% design 
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Anozie and Grant (1993) 
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tieke* (1974). Gaggioli and Petit exergy rate diagram 
gh (1956), and Anozie and Grant Exergy analysis of distillation processes has been reported by 
larized in Table 1. several workers using different thermodynamic diagrams. The 

Carnot factor-specific enthalpy diagram was used by Le Goff et al. 
(1996) to show the heat and mass transfer effects in distillation of 
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ammonia-water mixture. Column grand composite curves and 
stage-exergy loss profiles have been used in exergy analysis of 
distillation systems in design and retrofit studies @hole and 
Linnhoff, 1993; Demirel, 2006). The stage-exergy rate diagram for 
determining feasible distillation column operation was developed 
in our research group. It was applied in the analysis of binary 
distillation process of benzene-toluene and methanol-water 
mixtures (Anozie et al., 2009A). The stage-exergy rate diagram for 

capacity 
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capacity 
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17.15 

32.16 
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the base case of distillation of benzene-toluene mixture is shown in 
Figure 1. 

Figure 1: Stage-exergy rate diagram (base case) for benzene- 
toluene mixture (feed at 95"C, 350 krnolhr; column 
pressure at 1 atmosphere) 

The difference in exergy rates between the vapour and liquid 
profiles indicate the exergetic driving forces between the vapour 
and liquid phases from the top to the bottom of the distillation 
column. It is required that the profiles do not cross each other, as 
that would amount to reversal of driving forces. It is also required 
that driving forces are fairly well distributed in process equipment 
and are not constricted at some points or sections in the equipment. 
The stage-exergy rate profiles were used to distinguish feasible, 
infeasible and undesirable process operating conditions in the 
distillation column. The base case in Figure 1 shows a feasible 
operation. Another set of operating conditions were used to 
generate the profiles in Figure 2. Figure 2 shows that the profiles 
are crossing each other indicating infeasible operating conditions 
in the column. The summary of the sensitivity analysis for 
benzene-toluene distillation operations is shown in Table 2. 
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Figure 2: Profiles of exergy rate versus tray number in benzene- 
toluene distillation column (feed flow rate: 650 kmollhr) 

Table 2: Summary of sensitivity analysis for benzene-toluene 
distillation column - 

Systen~ conditions Profiles of Exe rgy 
Energy 

stage-exergy eficiency e@ciency 
rate diagram (%) (%) 

Base case Feasible 66.86 100.0 

Pressure = 1.5 atm Feasible 68.95 100.0 

Pressure = 2.0 atm Feasible 69.37 100 .O 

Temperature = Feasible 67.11 100.0 

86OC 
Temperature = Constricted 74.89 100.0 

102Oc 
Temperature = Constricted 74.95 100.0 

105°C 
Feed flowrate = Not feasible 80.04 100.0 

650 kmol/hr 
Feed flowrate = Feasible 62.63 100.0 

260 kmollhr 



It is observed from Table 2 that the. exergy efficiency values 
obtained for all the operating conditions investigated appeared 
meaningful, but the stage-exergy rate diagrams indicated some 
operating conditions that are not feasible or constricted. It shows 
that the second-law efficiency calculations in distillation 
operations must be complemented with the stage-exergy rate 
diagrams during process analysis. 

The stage-exergy rate diagram has also been applied to multi- 
component distillation of crude distillation unit (CDU) of Warri 
refinery (Osuolale, 2010) as shown in Figure 3. In Figure 3, a 
crossing of the profiles was noticed. A marked difference was 
noticed on the 6'h stage which is the feed stage of the column. This 
is indicating that the feed condition is not adequate enough. Exergy 
rate profiles make it easy to see a feed which is excessively heated 
or sub-cooled so that condenser or reboiler heat loads can be 
minimized. This is in line with the work of Dhole and Linnhoff 
(1993) in the use of column grand composite curve for column 
modifications. Attempts were made to remove the crossing of the 
profiles by altering the feed conditions and the stripping steam and 
the result is shown in Figure 4. 

3.1.3 Development of methods in carrying out exergy analysis 
of processes 
The method of exergy analysis of processes began with the method 
of lost work which involves calculating the enttopy of streams and 
the lost work (irreversibilities) of the units in the process (Smith 
and Van Ness, 1975). The method of exergy of streams involves 
calculating the exergy of all the streams in a process. The method 
of evaluating the exergy of streams has an advantage over the 
method of lost work in that the exergy of material streams can be 
combined with other types of process exergies like heat, work, 
electricity and chemical reaction (Grant and, Anozie, 1985). 
Therefore, process networks can be analyzed and compared in a 
consistent way. Moreover, the method of lost work gives only the 
overall second-law efficiency of the process whereas the method of 
exergy of streams gives both the overall second-law efficiency of 
the process and the second-law efficiencies of units. 
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Figure 3: Exergy rate profile for CDU of Warri Refinery (Base 
Case) (Osuolale, 20 10) j 
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Figure 4: Exergy rate profile for CDU of Warn Refinery (Crossing 
removed) (Osuolale, 20 10) 



Sometimes the specific thermodynamic properties of streams can 
be negative. This creates a lot of difficulty in trying to interpret the 
results of exergy analysis of processes. To overcome this problem, 
the property shifting method was introduced. This methodology 
involves addition of a positive value that is greater than the most 
negative value to both vapour and liquid phase properties. The 
method was first introduced in exergy analysis of binary plate 
distillation column operations (Anozie et al., 2009A). Shifting of 
negative thermodynamic properties in distillation operations 
removes the distortion in the trend of liquid and vapour stage- 
exergy rate profiles. The property shifting method has also been 
used in exergy analysis of Linde methane liquefaction process 
(Anozie et al., 2014) and propane mixed refrigerant process 
scheme in liquefied natural gas plant ( Anozie and Alamu, 2009). 

3.1.4 Applications of exergy analysis to processes 
Quantification of process efficiencies and irreversibilities 
Exergy analysis affords a means of quantifying the second-law 
efficiencies and thermodynamic irreversibilities in processes, sub- 
processes and units. The results of the analysis are used to identify 
areas of large thermodynamic inefficiency where process 
improvements can be made. However, the question is still asked 
whether all the areas of process improvement which were 
identified with exergy analysis could not also have been identified 
from heat and mass balances alone. The answer to this is that there 
is increasing evidence that all the opportunities for improvement 
within the process boundaries with the view of reducing the 
primary energy requirements in several ways may not be identified 
with the first-law energy balance. The insight provided by exergy 
analysis often proves very useful and leads to process 
improvement (Anozie, 1994). Proper energy management makes it 
necessary to account for the quality (exergy) as well as the quantity 
(heat) of energy used. This means that traditional first-law heat and 
mass balances must be supplemented by second-law exergy 
balance. We have reported exergy analysis of the followin,o 
processes: thermal power plant (Anozie et al., 2009B: Osuolale et 
nl. 2009; Ayoola and Anozie, 2012); liquefied natural gas plant 
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Evaluation of different design configurations 
Exergy analysis can be used for comparison and selection of 
design alternatives. This is particularly important at the process 
development stage in process design. Analysis and comparison of 
the conventional fractionation and vapour recompression schemes 
for separating a propane-butane mixture has been reported 
(Vruggink and Collins, 1982). Anozie et al. (2014) compared four 
different designs of a cryogenic process (Linde methane 
liquefaction) using exergy and process economic analyses. The 
four designs are shown in Figures 5, 6, 7 and 8. The exergy 
efficiency for the base case (case 1) was 5.2%. Case 2 was 

' obtained when a recycle was added to the base case and the 
exergy efficiency was 5.3%. Case 3 was obtained when a recycle 

, and a turbine were added to the base case and the  exergy 
eff iciency was 28.7%. Case 4 w a s  ob ta ined  when a recycle 
was added and the valve was replaced with a turbine in the 
base case and the design gave an exergy efficiency of 39.5%. 
Process economic analysis based on 1 kglh throughput s h o w e d 
t h a t  C ases 2 and 4 have highest venture profits, very close 
values with negligible difference, followed by Case 3 and finally 
Case 1 having the lowest venture profit. Since it is known that 
throughput has effect on venture profit, it was concluded that 
case 4 with the highest exergetic efficiency would have the best 
venture profit at higher throughput. This will be investigated in 
further studies at higher throughput. Also exergy analysis has been 
used to study three process schemes for the propane mixed 
refrigerant (C3MR) natural gas liquefaction technology (Anozie 
and Alamu, 2010). 












































































































