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H I G H L I G H T S  

• A simple graphical method provides good visualisation for HEN retrofit. 
• Plot of process stream temperatures (Thot vs Tcold) is key for energy analysis. 
• Promising modifications are identified based on graphical-based Pinch Analysis. 
• Temperature driving forces lead to less capital investment requirements. 
• Retrofit of a Kuwaiti refinery results in operating cost savings of MM$2 per annum.  
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A B S T R A C T   

Energy integration of the existing chemical and petrochemical facilities is regarded as a keystone 
for sustainable energy systems. It is widely known that a considerable number of the petro-
chemical industries are not applying efficient heat exchanger network (HEN) systems to minimise 
the use of external utilities. In the present study, a Pinch Analysis-based graphical approach is 
used to retrofit an existing HEN for optimising a crude oil distillation operation. The existing HEN 
is represented using Thot–Tcold diagram, where the cold stream temperatures are plotted on the x- 
axis and the hot stream temperatures are plotted on the y-axis, for each exchanger unit. The 
graphical approach is applied to a real case study of a petroleum refinery plant located in Kuwait 
with the objective of performing energy analysis and retrofitting the existing HEN. Retrofit 
modifications are extracted from the graphical representation to enable scenarios for energy and 
emission reduction. The application of the proposed approach resulted in substantial energy 
savings of about 10.4 MW compared to the current operation, leading to annual operating cost 
savings of about MM$2 and less than one-year payback time. Overall, this study provides tools to 
address the energy traits in crude preheat trains of industrial feature, which can improve the 
overall economic–environmental sustainability of existing refineries.   
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1. Introduction 

Energy saving methods are crucial in designing efficient processes and reducing the operating costs, especially for energy-intensive 
industries, such as oil and gas refining and petrochemical facilities [1]. In petroleum refineries, where crude oil distillation is the 
primary processing step [2], energy makes up almost 50% of the operating expenditure alongside the additional environmental 
footprint resulting from the usage of fossil fuels, not only as a feedstock, but also as a carbon source to power the downstream operation 
[3]. Hot and cold utilities form the major part of energy consumption, and due to structural complexities, it is often expensive to 
perform dedicated modifications; this is among the major challenges in the refining industry. Improving the energy efficiency of 
existing crude oil refineries is crucial to reduce energy requirements, mitigate greenhouse gas emissions and enhance the overall 
economic figures of the operation, all of which Process Integration plays a key role in achieving such objectives. An increased energy 
performance in existing refineries is also an essential element of sustainable development for several oil-producing countries [4]. 

Process Integration is able to provide the basic binding concepts and design tools for facilitating the industrial implementation of 
industrial ecology and circular economy [5]. Process Integration, being a holistic approach to engineering design that aims at mini-
mising resource and energy use, has led to many conceptual design methods and industrial applications that take a fundamental 
standpoint based on thermodynamics. A crucial pathway to advance Process Integration is through the retrofit of a heat exchanger 
network (HEN). HEN retrofit is capable of decreasing the utility demand for energy, reducing the waste heat, improving the overall 
energy efficiency and minimising the costs associated [6]. The approaches available in order to retrofit a HEN include mathematical 
programming, Pinch Analysis-based graphical techniques, and a combination of both graphical and mathematical programming 
methods as well as process simulation-based methods. 

Pinch Analysis is the leading method in Process Integration and is regarded as an essential solution to the problem of energy ef-
ficiency in chemical plants [7]. It is an approach for targeting and prioritising the integration of various process energy systems, 
including refinery systems [8]. Together with chemical exergy analysis, Pinch Technology enable industrial processes to be designed 
with maximum energy recovery networks [9,10]. Predicting promising stream pairs for heat exchange is a significant outcome to 
maximise heat integration. In turn, the dependence on external utilities is decreased, improving the overall process performance 
towards sustainable designs [11]. Although the history and development of Pinch Analysis-based methods have been around for almost 
half a century, these methods have not yet reached their saturation points and various extensions are anticipated to be envisioned [12]. 

The development of facile and efficient tools for industrial practitioners that would guide implementing process retrofit recom-
mendations has been a subject of interest in recent research [13]. Various efforts have studied the network grassroots problems; even 
though, fewer contributions dealt with retrofit situations of exchanger networks. Designing preheat trains is regarded easier compared 
to HEN retrofit design, in which the latter faces many physical constraints to reach optimum performance for less modifications and 
less energy consumption [14]. Technologies and methods for the design of new energy systems are a way more developed than 
methods for retrofit, and the optimum goal of the retrofit design is often not clear as a result from the existing constrains in unit 
operations [15]. About 70%–80% of all the grassroots and retrofit projects implemented in industry are retrofits, stressing the 
importance of HEN retrofit, remarkably in oil refineries [16]. It is expected that retrofits will play even more significant role due to 
competitive markets and more strict environmental protocols [17]. The subject of the present study focuses on HEN retrofit using a 
Pinch Analysis-based graphical method, considering a preheat train for a Kuwaiti refinery. 

Recent advances and developments in graphical-based tools include Stream Temperature vs. Enthalpy Plot (STEP) for simultaneous 
targeting and HEN design [18], Shifted Retrofit Thermodynamic Grid Diagram (SRTGD) for heat path development [19], Hot vs. Cold 
Temperature Diagram [20] and Temperature Driving Force (TDF) Curves for HEN retrofit [21] with an extension to overcome Network 
Pinch [22], a modified Energy Transfer Diagram (ETD) based on Bridge Retrofit analysis [23], improving the Network Pinch approach 
for HEN retrofit through the application of Bridge analysis [24], and Temperature–Enthalpy Diagram for identification of Cross-Pinch 
heat load involving phase change in Cross-Pinch exchanger units [25]. The unique characteristic of these methods is that such 
insightful graphical tools are able to determine the retrofit modifications prior to the HEN design stage. 

In the present work, a graphical Pinch Analysis-based method is applied in order to retrofit an existing crude oil refinery facility. 
The contribution of this work can be realised in two major aspects: (i) the graphical methodology applied and (ii) the case study 
considered. The graphical method is available in the literature and requires no special simulation packages nor software/computer 
programming. It is simple and graphical-based with features that allow most design engineers and researchers to use. The case study 
represents a crude distillation unit (CDU) belonging to a refinery in Kuwait, which is the largest of three refineries located in the 
country. It is quite an old facility, which went and is still going to cycles of improvements and modifications through more than seven 
decades. Any improvement made to this facility would help the plan of development for this refining facility. 

Minimum utility consumptions (for hot/cold) are identified and the potential savings in energy and cost are suggested. Retrofit 
designs for HEN are suggested with the objective of minimising the utility requirements and enhancing the total performance of the 
petroleum refinery. The advantages and implications of the applied graphical approach are underlined for the case studied. The 
present study offers tools addressing the energy and environmental aspects in crude oil distillation units of industrial feature that could 
improve the overall sustainability of existing refinery plants. 
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2. Methods 

As referred to above, this work involves a Pinch Analysis-based graphical methodology devoted to retrofit an existing preheat train 
of an industrial crude oil distillation facility in Kuwait. The graphical representation developed by Gadalla [20] lays the basis of the 
graphical retrofit methodology. This method relies on the principles of Pinch Analysis and adopts two temperature axes: one for hot 
stream temperatures and another for cold stream temperatures. The method provides a visual ability of the network with all exchanger 
equipment involved. This result in an easy detection of the existing violations to Pinch Analysis principles, and consequently, potential 
and promising modifications can be identified visually. An existing HEN is analysed using the graphical representation of Thot versus 
Tcold diagrams, where Thot is the temperature defining hot streams or heat sources and Tcold is for cold streams or heat sinks. 

Data necessary for constructing such a graphical diagram are simple and can be easily obtained from operation day-by-day 
monitoring. Specifically, these data include the inlet and outlet temperatures of process streams and the heat duties of exchanger 
equipment of the network. Other data required for the graphical analysis are the Energy Targets and temperatures of Pinch, deter-
mined at the existing minimum temperature approach difference (ΔTmin). This information can be obtained by any conventional Pinch 
Analysis method, such as described in the Chemical Process Design and Integration textbook [15] and the Handbook of Process 
Integration [26], or alternatively can be determined using the graphical representation of Thot–Tcold diagrams [27]. 

The application of the graphical method [20] to the energy analysis and improvement is valuable to the work considered in this 
research. This method is selected on a number of bases; one is that the method requires no simulators (commercial or software) nor 
computer programming techniques. Another basis is the simplicity of the data that this method requires, i.e. only process stream 
temperatures (cold/hot). In addition, the method is deemed simple, in which researchers can use it with minimum efforts. Unlike the 
other methods, e.g. commercial simulators or computer programming, researchers need special skills and knowledge when applying 
such methods, and not mentioning the license price of commercial simulators. One more advantage of this graphical method is that it 
accounts for variable heat capacity flow (CP = ΔH/ΔT) for both cold streams and hot streams. This is an important aspect as the 
solutions provided by variable heat capacity flows are closer to real behaviours. A typical diagram simulating an existing preheat train 
resembles the graphical representation of Fig. 1. 

The representation shows hot stream temperatures on the ordinate and the corresponding cold streams temperatures on the ab-
scissa. The data are taken for an existing refinery preheat train and based on real data [20,27]. The straight lines with arrows are 
describing existing exchanger matches between hot and cold streams of which temperatures can be read from the y-axis and x-axis. The 
vertical line defines the cold Pinch temperature of the process, while the hot Pinch temperature is shown as the horizontal line. The 
dashed-line passing through the intersection of the Pinch lines indicates the thermodynamic constrain as Thot = Tcold + ΔTmin; this line 
is equivalent to ΔTmin. On the other hand, the solid-line (diagonal) corresponds to the absolute thermodynamic constrain as Thot =

Tcold. Feasible heat exchange between hot streams and cold streams is to be above the diagonal, i.e. below this diagonal, heat exchange 

Fig. 1. A graphical representation of an existing HEN for a typical refining plant [20].  
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is theoretically infeasible. 
According to the work by Gadalla [20], a typical HEN diagram is divided into four regions identified by the intersection of the Pinch 

temperatures and diagonal. Region 1 is located above the hot Pinch and cold Pinch temperatures, whereas Region 3 is located below 
both Pinch temperatures. Region 2 is located above the hot Pinch and below the cold Pinch, while Region 4 is located below the hot 
Pinch temperature and above the cold Pinch temperature. The exchanger matches within the Regions 1 and 3 are optimum with 
respect to energy integration, whereas the exchangers of the other two regions are not. Optimum exchanger matches signify that 
matches obey Pinch Analysis principles. Non-optimum regions imply that the exchangers transfer heat across the Pinch, violating 
Pinch Analysis principles, i.e. transferring heat from above the Pinch into below the Pinch or from below to above the Pinch. In 
addition, exchanger matches lie below the diagonal are thermodynamically infeasible. Furthermore, the graphical representation 
entails energy balance across exchangers, i.e. the length of the exchanger line is related to its heat duty [20]. This provides the 
fundamental basis for the energy analysis of the retrofit methodology of the present work to identify non-optimum matches and to 
determine the potential modifications in order to enhance the energy integration performance. 

2.1. Energy and performance analyses 

In order to analyse and improve the energy performance of existing preheat trains, the following procedure is to be followed:  

(1) Extract relevant data for exchangers, including streams inlet/outlet temperatures and heat duties.  
(2) Obtain Energy Targets and Pinch temperatures for a pre-defined ΔTmin [26,27].  
(3) Construct a graphical plot of hot streams temperatures versus cold stream temperatures (Thot–Tcold diagram).  
(4) Superimpose the hot Pinch temperatures onto the graphical plot of Thot versus Tcold. The cold Pinch temperature will be drawn 

vertical, while the hot Pinch temperature will be horizontal.  
(5) Plot a diagonal at Thot = Tcold + ΔTmin.  
(6) Represent all exchanger matches knowing their inlet and outlet temperatures on the Thot–Tcold plot. For every exchanger match, 

locate the terminal temperatures; thus two points are located. The first point with the coordinates of inlet temperature of the hot 
stream and outlet temperature of the cold stream. The second point will have the coordinates of outlet temperature of the hot 
stream and inlet temperature of the cold stream. Connect the two points to yield the exchanger line; each exchanger match will 
be plotted as a straight line.  

(7) From the diagram, identify two groups of exchanger matches; the first group matches are located in optimum regions, i.e. above 
hot Pinch/above cold Pinch or below hot Pinch/below cold Pinch. The second group is that with matches located in non- 
optimum regions, i.e. above hot Pinch/below cold Pinch or below hot Pinch/above cold Pinch. Exchanger matches located 
in non-optimum regions are crossing the Pinch and such matches need to be re-located in order to improve the energy per-
formance of the network. In addition, the improper utilisation of hot/cold utilities can be detected from the graphical repre-
sentation. This implies no cooling to be performed above the Pinch nor heating below the Pinch. This can be visualised simply 
from the diagram of exchanger matches. As a result, the energy performance of the existing network can be analysed by 
determining the violation of Pinch Analysis principles. The potential energy savings can be determined provided the Cross- 
Pinch exchangers are identified. 

(8) Define potential network modifications to improve the energy performance of the existing network of exchangers. The modi-
fications proposed may include: (a) relocating exchanger matches, i.e. re-sequencing or re-piping exchangers, (b) recovering 
heat partly (or totally) of the duty of cold utilities that are located below the Pinch, (c) adding a new exchanger equipment and 
(d) generating steam below the Pinch. Other possible modifications, which are out of this research scope, may include 
employing an organic Rankin cycle to re-use the low-grade waste heat in producing electricity while using some organic fluids 
with low boiling points. This would improve the energy performance of the existing network. 

The step of process modifications is general, and for every given existing network, these modifications need to be studied indi-
vidually. For re-locating exchangers in revamping, Gadalla [20] provided more specific procedure to move matches from non-optimum 
regions into optimum regions by analysing the overlap area between the hot stream and the cold stream; in such a way the temperature 
difference is at least equal to the minimum value (ΔTmin). The CP rules need to be applied while performing re-location of exchangers. 
Exchangers may be moved between the same pair of hot and cold streams but in different location within the existing network 
(re-sequencing). In some other cases, exchangers could be moved to replace one stream or both streams (re-piping). 

Improper use of cold utilities above the Pinch can be easily visualised from the graphical representation. The part of available heat 
of hot streams in this case is recovered through adding a new equipment between this hot stream and one cold stream using the same 
procedure as discussed above. When some hot streams are cooled using utilities below the Pinch, this waste heat can be recovered 
partly or totally through new exchangers for heat integration against some cold streams, or alternatively in generating steam [15]. On 
the other hand, when the heat below the Pinch is available at low-grade, this heat can be employed to operate an organic Rankin cycle 
to generate electricity.  

(9) Implement the proposed modifications. 
(10) Evaluate the economics of the retrofit modifications, e.g. determine cost of modifications, determine energy cost savings, es-

timate payback time, etc.  
(11) Re-evaluate the energy performance of the modified network using the graphical diagram. 
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Fig. 2. The existing HEN for atmospheric unit of the studied refinery case.  
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2.2. Heat exchanger network retrofit 

The HEN of existing refining units is retrofitted through a number of promising modifications defined by the first step of energy/ 
performance analysis, including relocation of non-optimum exchanger matches, re-utilisation of cold utilities heat load, steam gen-
eration and additional exchangers. Other potential retrofit modifications may include process changes, process diagram structural 
changes, using an organic Rankin cycle, etc. However, the present research only focusses on the HEN possible modifications. 

In order to perform an economic evaluation of the retrofit modifications, the capital investment needs to be estimated. Cost 
equations provided by Lai et al. [28] are used for this purpose to account for the cost of additional exchanger units, cost of additional 
areas and payback time; defined as follows:  

Cost of new exchanger ($) = 29,073 + 727 × (heat transfer area)0.81                                                                                                 (1)  

Cost of additional area ($) = 3460 + 200 × (additional heat transfer area)                                                                                          (2) 

Payback  time  (y) · = ·
capital investment ($)

energy savings ($y)
(3) 

The energy cost of the fire heat utility was set at $6.8 × 10− 6/kJ [29]. The annual operation time was assumed to be 8000 h. The 
above presented retrofit procedure is applied to the case study of an existing crude oil refinery to boost the energy efficiency of the 
existing preheat train and decrease the current energy consumption. 

3. Results and discussion 

The case study considered in this work is a preheat train of a CDU belonging to a refinery in Kuwait. This refinery is of great 
economic importance since it is the largest of three refineries located in the country. It was built to cover the local demand mainly for 
gasoline, diesel and kerosene. Besides, it is an old refinery dated back to the middle of last century. For over seven decades, this refinery 
continues in a cycle of improvements. The atmospheric unit started initially with a very small capacity of less than 25,000 bbl/d; 
nowadays, it is estimated to process more than 400,000 bbl/d of crude oil. Given these facts, this preheat train case is studied for more 
improvement with respect to the current energy performance. Any reduction in the heat load of the furnace will allow extra production 
of the crude oil, and hence more economic profit could be attained. It is worth mentioning that the focus of this study is on the HEN of 
the crude atmospheric unit. Therefore, only the data related to the network structure, heat exchanger details, heat loads and stream 
temperatures are available for the study. On the other hand, the column structure, internal details, liquid/vapour traffic inside col-
umns, etc., are outside the scope of this work. 

3.1. Preheat train 

The existing preheat train is located in a local refinery in Kuwait. The refinery processes a Kuwaiti crude oil with an API of 32 and 
the current processing capacity is about 170,000 bbl/d. The crude distillation unit is configured in Fig. A.1 (Appendix A). The true 
boiling point data (crude assay) are given in Table A.1 (Appendix A). The crude oil is available at 27 ◦C, and is pre-heated in three 
stages in a sequence of exchangers, HEN1, HEN2 and HEN3 to a temperature of 265 ◦C before entering the fired heater to be further 
heated to 356 ◦C. The overall network of exchangers comprises of three small networks, HEN1 before the desalter, HEN2 between the 
desalter and the flash drum and HEN3 (after the flash drum and before the furnace). The overall HEN also includes two trains: Train 1, 
which consists of all exchangers placed on the top crude oil split and Train 2, which includes those exchangers of the bottom crude oil 
split. In other words, Train 1 involves exchangers E0, E3, E1 and E4 through E10. Train 2 consists of exchangers E0c, E2 and E4c 
through E10c. The vapour stream from the flash drum represents 7.5% by weight of the total crude oil feed to the flash drum (vapour 
fraction of 0.075). Furthermore, the crude oil entering the fired heater has a vapour fraction of about 5%, while the exit stream from 
the furnace has a vapour fraction of about 32.5–33%. Flash drum vapours are mixed with the hot crude oil stream from the furnace, and 
then the mixed streams are fed into the atmospheric distillation tower. Details on various parameters, including latent heat and vapour 
fraction, of the crude oil feed are given in Supplementary material. 

The atmospheric tower contains 46 actual trays and operates at 1.3 barg with a top pressure at almost 0.95 barg. On the other hand, 
the pressure at the flash drum is maintained at 5.4 barg while the pressure of crude oil feed is 14.3 barg. The crude feed enters the main 
tower above tray #6 (from the bottom). The main tower is connected to three side-strippers for the side-products, namely kerosene, 
light gas oil and heavy gas oil. The numbers of trays in side-strippers are 8, 6, and 6 for kerosene product, light gas oil product and 
heavy gas oil product, respectively. The details of the existing preheat train of the refinery are shown in Fig. 2. The necessary details of 
heat exchanger areas are also given in Table A.2 (Appendix A). 

Fig. 2 illustrates the structure of the network, the exchanger matches between process hot and cold streams, the supply and target 
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temperatures for all streams and the heat duties for coolers and fired heater. As can be seen, the network contains eight process hot 
streams and one crude oil feed stream. It must be noted that most process streams are split into two equal fractions, including the crude 
oil feed stream. The crude oil feed stream is heated up to the desired temperature of 365 ◦C in three sections, and in every stage the 
stream is divided evenly into two branches (Fig. 2). The crude oil fresh feed is heated in the first network (HEN1) to 128 ◦C, then enters 
a desalter, after which it is heated further in HEN2 to 226 ◦C. The hot crude oil from HEN2 enters a flash drum to separate the vapours 
formed, and then the liquid part is fed into HEN3 to a temperature of 265 ◦C; then, it is heated in the fired heater to the desired 
operation temperature of 365 ◦C. Table A.3 (Appendix A) summarises the relevant data for the CDU process streams, including the 
supply and target temperatures and the corresponding enthalpy change. Both the vapours stream from the flash drum and the hot 
crude stream from the furnace are mixed prior to entering the main tower. It is also shown in Fig. 2 that the product streams are cooled 
after heat integration with the crude oil in two water coolers and four air coolers. The current duty of the fired heat is 93 MW, and the 
current cooling duties are in total 75.5 MW. The existing HEN contains in total 19-exchanger equipment in addition to the air/water 
coolers and the fired heater. The refinery atmospheric unit produces six fuel products, namely off-gas, wild naphtha, kerosene, light gas 
oil, heavy gas oil and atmospheric residue. 

The presented above graphical-based retrofit procedure is applied to the preheat train of the Kuwaiti refinery with the objective of 
analysing the energy performance and improving the current performance, thus reducing the energy consumption of the fired heater 
compared to the current operation. 

3.2. Energy Targets for heat exchanger network 

The ΔTmin for the existing exchanger network is estimated to be 12.5 ◦C. Pinch Analysis principles [15,26] or some new graphical 
techniques, such as [27], are applied to the given process data to generate the Composite Curves at the ΔTmin of the existing exchanger 
network. The Energy Targets obtained by Pinch Analysis as shown in Fig. 3, are 68.07 MW and 50.66 MW for the hot utility and cold 
utility, respectively. 

At ΔTmin = 12.5 ◦C, the hot and cold Pinch temperatures are 135.8 and 123.3 ◦C, respectively. This implies a potential energy 
saving of 26.8% with respect to the hot utility and 33% with respect to the cold utilities. Table 1 displays several values for the hot and 
cold utility targets at different ΔTmin from 12.5 to 30 ◦C in case the minimum temperature difference to be optimised. The potential 

Fig. 3. Composite Curves for the given HEN data at ΔTmin = 12.5 ◦C.  

Table 1 
Potential energy savings in the refinery HEN.  

ΔTmin (◦C) Hot Energy Target (MW) Cold Energy Target (MW) Potential energy savings (%) 

12.5 68.07 50.66 26.8 
20 75.41 58.00 19.0 
25 78.98 61.57 15.1 
30 81.87 64.45 12.0  
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energy savings that could be achieved by retrofit modifications are also given (Table 1). 

3.3. Graphical energy analysis for heat exchanger network 

On the Thot–Tcold diagram, the temperatures of hot streams and cold streams exchanging heats across exchangers are plotted for the 
existing HEN, accounting for exchangers, coolers and fired heater (see Fig. 4). 

As explained above, the y-axis accounts for all different hot streams temperatures, including column products, top vapours and 
pump-around liquid circulates. On the other hand, the temperatures of cold crude oil feed for every exchanger are considered on x-axis. 
The figure also shows two diagonal lines, i.e. Th = Tc and Th = Tc + ΔTmin. As referred to above, these two lines incorporate the 
thermodynamic limitations into the graphical representation of exchanger units. The Pinch temperatures are also represented in the 
diagram. Four regions of exchanger matches are characterised by the intersection of Pinch temperatures and the diagonal Th = Tc. 
Regions 1 and 3 are optimum with respect to heat integration and obeying Pinch Analysis principles, while Regions 2 and 4 are not. As 
a result, the existing exchanger equipment are shown as solid/dashed lines with arrows facing down. The coolers using water and air 
are shown in the figure as blue-dashed lines. 

Fig. 4. The graphical representation of the existing HEN (every exchanger shown has a copy or similar unit except exchangers E1, E2, E3, and 
coolers C1 until C6). 

Table 2 
Exchangers across Pinch temperatures.  

Exchanger Type of equipment Heat load (MW) Heat transferred across the Pinch 

E1 Heat exchanger 5.45 All 
E2 Heat exchanger 6.34 Almost all 
E3 Heat exchanger 1.81 Part 
C1 Air cooler 3.24 Part 
C2 Air cooler 21.27 Part 
E0 Heat exchanger 19.27 part  
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Consistent with the discussion presented in the Methods section, the Th–Tc graph with Pinch temperatures and the thermodynamic 
limitations resulted in the following observations/violations in Pinch Analysis:  

(1) All exchangers are located above the diagonal (Th = Tc + ΔTmin), thus obeying the thermodynamic limitations.  
(2) Some exchangers are located in the two regions (Regions 1 and Region 3), either above Pinch temperatures, or below both Pinch 

temperatures, i.e. optimum exchangers. These exchangers include the units E4, E5, E6, E7, E8, E9 and E10.  
(3) Some exchangers are non-optimum when located in the other two regions of the diagram, i.e. across Pinch. Such units are shown 

in the shaded area, and they indicate the bottlenecks of the existing network. These units include E1, E2, E3 and parts of E0.  
(4) The coolers C1 and C2 imply the use of cold utilities to cool hot streams above the Pinch. 

Table 2 details the identified non-optimum exchanger matches, giving an individual description of whether the exchanger is partly 
crossing the Pinch or not. These particular exchangers need to be re-located for better energy performance and further energy savings. 
The violation to Pinch Analysis principles can be summarised as heat across the Pinch (E1, E2, E3, E0) and improper use of cold utility 
above the Pinch (C1, C2). 

Fig. 5 displays the network in terms of TDF diagram for the existing HEN with temperature differences across exchangers on the y- 
axis, and the cold temperature on the x-axis. This diagram shows an extra advantage over that given by Fig. 4 through the observation 
of the driving force for every exchanger that helps selecting exchangers for potential retrofit modification with expected less transfer 
areas. The temperature driving forces of exchangers are involved in the capital investment calculations, and thus heat exchanger areas 
can be minimised in retrofit. 

One may highlight an important energy inefficiency present in the existing HEN (Fig. 4), which is in the large amount of waste heat, 
i.e. a number of hot streams are cooled using air or water. This waste heat can be utilised in many alternatives, such as generating 
considerable amounts of low-pressure steam. For example, the waste heat of Residue stream can generate more than 29 t/h of low- 

Fig. 5. TDF graphical representation of the existing HEN (every exchanger shown has a copy or similar unit except exchangers E1, E2, E3, and 
coolers C1 until C6). 
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pressure steam at 125 ◦C. Another technique to recover this waste heat is to run an organic Rankin cycle for low-grade waste heat, such 
as the waste heat of Tower top vapours available at 101 ◦C with heat content of 33.9 MW. This available heat can produce substantial 
amount of electricity using some organic fluids of very low boiling points. Such waste heat recovery would improve the earning of the 
refinery and enhance the energy performance beyond the current operation. 

3.4. Retrofit scenario with less modifications 

In order to improve the performance of the existing HEN, the following potential modifications could be made to the network: 

Fig. 6. Graphical representation of the modified HEN.  

Table 3 
Additional areas and capital costs for the modified HEN (less modifications).  

Exchanger Existing area (m2) New area (m2) Additional area (m2) Capital cost ($) 

E1 216 290 75 18,460 
E4 515 1257 743 152,060 
E5 515 317 – – 
E6 407 179 – – 
E7 515 488 – – 
E8 407 408 – – 
E9 519 561 42 11,860 
E10 519 470 – – 
New Exchanger – 1236 – 261,383  
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Fig. 7. The modified HEN.  
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(1) Re-locate exchangers crossing the Pinch (E1, E3, E2).  
(2) Replace part of the cooling duties that are improperly placed above the Pinch (C1, C2) to pre-heat the crude oil feed above the 

Pinch. It is worth mentioning that below the Pinch, the heat of the hot stream in C1 released to cold utility cannot be utilised to 
pre-heat the crude oil feed since the CP of the hot stream (heavy gas oil) is less than that of the cold stream (crude oil). If this heat 
exchange is implemented, the temperature difference across the exchanger will reach a value less than the minimum (ΔTmin), 
which violates Pinch Analysis principles. Thus, this surplus of heat can only be re-used in an organic Rankin cycle or steam 
production.  

(3) Re-utilise the cooling duty of coolers below the Pinch in pre-heating the crude oil feed. The retrofit in this region (below the 
Pinch) optimally should obey the CP rule of Pinch Analysis [15], i.e. CP of hot streams needs to be larger than that of cold 
streams. This condition is not valid in the case of C1, and therefore, C1 cannot be integrated with the crude oil feed.  

(4) Integrate an organic Rankin cycle with the existing network below the Pinch to produce electricity.  
(5) Generate low-pressure steam below the Pinch through recovering the waste heat of hot product streams. 

The heat exchanger E1 transfers a 5.45 MW heat available at 308 ◦C (above the Pinch) to a cold sink available at 102 ◦C (below the 
Pinch). One possibility is to re-locate this exchanger completely above the Pinch in order to save more energy, thus leading to a 
potential energy saving of 5.9% with respect to the base case. Moreover, the cooler C2 is releasing heat from 148 ◦C (above the Pinch) 
to 82 ◦C (below the Pinch) to a cooling medium. Part of this cooling duty can be integrated to increase the temperature of the crude 
feed through an additional heat equipment. This could lead to additional energy savings and reduce the overall energy consumption at 
the furnace. 

The two potential retrofit modifications identified as mentioned above are implemented, as shown in Fig. 6. Exchanger E1 is re- 
located to the appropriate location between E4 and E6 in such a way the graphical representation maintains a minimum tempera-
ture difference of 12.5 ◦C. A new exchanger equipment (New Exchanger) is added (see Fig. 6) to replace some 6.15 MW of the cooling 
utility of C2 to pre-heat the crude oil leaving E3 from 102 ◦C to 123.3 ◦C (cold Pinch). It should be noted that the modified network 
focuses only on Train 1 of the existing preheat train. The modifications implemented for the modified HEN are re-locating exchanger 
E1 and adding a new exchanger (New Exchanger). 

The modified network shown in Fig. 6 indicates that the crude oil feed temperature before the furnace has increased to 272 ◦C for 
Train 1, compared to 265 ◦C for the base case. This results in a net temperature before the furnace of 269 ◦C providing heat is balanced 
between the two trains. The resulting energy consumption of the furnace becomes 89 MW compared with 93 MW for the existing plant, 
which corresponds to an energy saving of 4 MW. The energy saving achieved appears not substantial provided that the ΔTmin is 
maintained across the modified network, which acts as a limitation to implementing the retrofit. Add to this that the graphical solution 
simulates a variable heat capacity flows for all streams, which in its absence the energy saving may appear significant. The annual 
savings in energy costs will be equivalent to about $783,360. The new exchanger has a heat transfer area of 1236 m2 with a capital 
investment of $261,383 (Equation (1)). Details of exchanger additional areas and capital investment are given in Table 3. The total 
capital investment for all exchanger additional areas, including the new unit, is estimated to be $443,763. The payback period to 
recover this expenditure is accordingly determined as 0.57 years. 

Table 4 
Additional areas and capital costs for the modified HEN (more modifications).  

Exchanger Existing area (m2) New area (m2) Additional area (m2) Capital cost ($) 

E1 216 338 122 27,780 
E5 515 1256 741 182,565 
E7 515 647 132 29,860 
E8 407 458 51 13,660 
E9 519 709 190 41,460 
New 1 – 1236 – 261,383 
E0c 502 3768 3266 539,445 
E2 216 467 251 53,660 
New 2 – 204 – 83,065 
E5 515 1256 741 182,565 
E7 515 647 132 29,860 
E8 407 458 51 13,660 
E9 519 709 190 41,460 
E1+ – 493 – 139,414 
E1++ – 467 – 134,677  
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3.5. Retrofit scenario with more modifications 

In another attempt to further improve the network performance, more modifications are allowed to be made to the existing 
network. In this scenario, both trains of the existing HEN are considered with the possibility of stream split, addition of new exchangers 
and re-locating existing units if possible. The previous procedure is followed using the graphical representation. Fig. 7 summarises the 
modifications identified by analysing the existing network using the graphical methodology. 

As shown in the figure, this retrofit scenario suggests the following potential modifications:  

(1) Splitting the crude oil stream of Train 2 into two fractions: 40% and 10%.  
(2) Adding four new exchangers: New 1, New 2, E1+ and E1++.  
(3) Re-locating exchanger E1 to the new location between exchanger E5 and E6. 

The available heat of the hot stream (Residue) below the Pinch (135.8 ◦C) is exploited to pre-heat the crude oil feed stream. As 
shown in Fig. 7, this is done through the new exchangers New 1 and New 2. The exchanger New 1 cools the stream Residue from the 
Pinch temperature until 117 ◦C, and then New 2 cools the stream further to 101 ◦C. As a result, the cooler duty of C2 is reduced to 5.9 
MW. Moreover, the two new exchangers E1+ and E1++ are added to recover heat from the hot streams Light gas oil and Light gas oil 
pump-around, respectively. 

After implementing this retrofit scenario, the temperature leaving E9 increases to 275 ◦C compared to 265 ◦C for the current 
operation. The corresponding energy savings in the fired heater is estimated to be 10.38 MW (11.2%) with annual operating savings of 
about $2,032,819. The modifications of this retrofit solution imply additional areas to existing equipment, as shown in Table 4. The 
total capital cost of new exchangers and additional areas estimated is $1,774,598 with payback time of less than one year (0.87). 

4. Conclusions 

Plotting the temperature of hot streams against cold streams running in refinery preheat trains is a valuable tool to evaluate the 
efficiency of HENs with respect to heat consumption. For a given network, a graph of Thot versus. Tcold would incorporate almost all the 
details of the heat exchange equipment and the physical constraints. Pinch Analysis principles can easily be implemented into the same 
graph where Pinch temperatures are embedded. The graphical representation of an existing exchanger network together with Pinch 
Analysis principles can identify potential savings and propose promising modifications to improve the overall energy performance. The 
proposed method has been applied to a petroleum refinery case study, and suggests that a potential energy saving of ~27% can be 
obtained with respect to the current operation. The implemented proposed modifications provided some 4 MW energy savings of hot 
utility in the furnace, equivalent to annual energy savings of $783,360. It must be noted that this retrofit modification guarantees the 
minimum temperature approach difference and variable heat capacity flows of the existing HEN. The modifications necessary for HEN 
retrofit are rather simple, and involves installing a new exchanger unit and one exchanger re-location. The total capital investment 
associated has been estimated to be $443,763, resulting in a payback period of 0.57 years. Another retrofit scenario resulted in 
substantial energy savings of ~11.2% and the corresponding annual operating cost savings were about MM$2 with payback time of 
less than one year. The graphical-based retrofit methodology is valuable to interpret the energy performance of existing refinery HENs 
and to propose promising modifications for energy conservation. 
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Appendix A  

Table A.1 
Crude oil assay.  

Liquid volume % True boiling point (◦F) 

0 − 12 
2 27 
5 85 
10 183 
15 243 
20 301 
30 416 
40 527 
50 644 
60 770 
70 889 
80 1033 
90 1166 
95 1233 
98 1273 
100 1300   

Table A.2 
Existing exchangers’ details.  

Exchanger 
unit 

Existing area 
(m2) 

Cold stream in 
temperature (◦C) 

Cold stream out 
temperature (◦C) 

Hot stream in 
temperature (◦C) 

Hot stream out 
temperature (◦C) 

Heat load 
(MW) 

E0 502 27 96 145 61 19.27 
E0c 502 27 96 145 61 19.27 
E3 216 96 102 167 112 1.81 
E1 216 102 120 308 165 5.45 
E2 216 96 117 179 131 6.34 
E4 515 120 128 173 150 2.78 
E4c 515 117 128 173 148 3.65 
E5 515 123 161 241 173 11.90 
E5c 515 123 161 241 173 11.90 
E6 407 161 170 226 179 3.29 
E6c 407 161 170 226 179 3.29 
E7 515 170 193 241 182 7.74 
E7c 515 170 193 241 182 7.74 
E8 407 193 211 320 221 5.60 
E8c 407 193 211 320 221 5.60 
E9 519 211 226 283 241 8.02 
E9c 519 211 226 283 241 8.02 
E10 519 226 265 349 283 13.47 
E10c 519 226 265 349 283 13.47   

Table A.3 
CDU process stream data.  

Stream name Supply temperature (◦C) Target temperature (◦C) Enthalpy change (MW) 

Tower top vapours 101 40 40.77 
Residue 349 82 94.46 
Top pump-around 145 62 38.54 
Kerosene 167 40 3.88 
Heavy gas oil pump-around 320 221 13.19 
Heavy gas oil 305 60 8.68 
Light gas oil pump-around 241 182 15.47 
Light gas oil 226 60 21.24 
Crude oil in HEN1 27 128 58.60 
Crude oil in HEN2 123 226 75.07 
Crude oil in HEN3 226 265 26.94 
Crude oil in furnace 265 365 93.06     
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Fig. A.1. Crude distillation unit configuration.   
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[5] T.G. Walmsley, B.H.Y. Ong, J.J. Klemeš, R.R. Tan, P.S. Varbanov, Circular Integration of processes, industries, and economies, Renew. Sustain. Energy Rev. 107 
(2019) 507–515, https://doi.org/10.1016/j.rser.2019.03.039. 
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