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This paper presents a new graphical approach for Heat Exchanger Network (HEN) retrofit that is based on the
individual stream temperature versus enthalpy plot (STEP). STEP maintains the individual stream
characteristics and enables users to graphically map hot and cold streams and retrofit HEN without the need to
perform enthalpy calculations, or to check for minimum temperature approach violations. Application of the
STEP method to a well-established HEN retrofit case study from the literature shows that it only requires one
visualisation tool to simultaneously diagnose and retrofit an existing HEN. On top of that, the STEP method
yields up to 5 % higher heat recovery as compared to the results obtained using conventional retrofit methods.

1. Introduction

Numerous HEN retrofit methods that have been proposed after Pinch Technology was introduced for grassroots
design in the early 1970s. Later, mathematical programming and hybrid methods have also been introduced.
Graphical and mathematical HEN retrofit approaches are the two main types of HEN retrofit methods, both
having pros and cons of their own. The focus of this paper is on HEN retrofit methods that are based on
visualisation tools that can provide insights and interactively guide users during the course of retrofitting HEN.
An insight-based Pinch Analysis methodology that involves setting conservative retrofit investment targets was
first introduced by (Tjoe and Linnhoff, 1986). Lakshmanan and Bafiares-Alcantara (1996) proposed the Retrofit
Thermodynamic Diagram (RTD) to provide a concise graphical description of both the loads and the driving
forces in an existing HEN. Nordman and Berntsson (2001) proposed eight different curves that help users to
identify and evaluate the complexity of changes in heating and cooling, and determine the investment cost.
Osman et al. (2009) proposed a HEN retrofit technique based on the path analysis approach with the aim to
provide alternatives for solving the HEN retrofit problems. The solutions enable users to add heat transfer area
without any HEN structural changes of the existing network.

Wan Alwi and Abd Manan (2010) introduced the stream temperature versus enthalpy plot (STEP) which
represents the profile of individual (as opposed to composite) hot and cold streams being mapped together on
a temperature versus enthalpy diagram. STEP shows the Pinch Points, energy targets and maximum heat
allocation simultaneously can be used to produce optimal HEN design. Li and Chang (2010) proposed a simple
Pinch-based approach that eliminates every Cross-Pinch match and divides both the heat loads on the hot and
cold streams into two based on the Pinch Temperatures. Piacentino (2011) proposed a retrofit procedure based
on an integrated use of several existing and innovative techniques, which include using the “Minimum Energy
Requirement” configuration and a modified exergy analysis for diagnosis, and an innovative spider-type diagram
that contains information such as the exergy destruction, the number of shells and heat transfer area to assist
in choosing the preferred relaxation paths. Abbood et al. (2012) introduced the Grid Diagram Table (GDT) which
is based on the fundamental of the Composite Curves geometry and is represented by using the stream interval
temperature can identify Pinch points, energy targets and provide the visualisation of Pinch rules violation. The
Shifted Retrofit Thermodynamic Grid Diagram (SRTGD) is an extended version of the Shifted Retrofit
Thermodynamic Diagram (SRTD) (Yong et al., 2014) that can give the users clear insights on the existing HEN
arrangements and key parameter such as heat capacity flow rates, temperatures and temperature differences
and simultaneously provide information about the thermodynamics, stream capacities and the topology of the
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existing HEN (Yong et al., 2015a). It can be used as a decision-making tool in solving HEN retrofit problems
and provide support for screening feasible and infeasible retrofit options. Besides, the HEN Steam Matrix
(HENSM) which is a numerical representation of the conventional Grid Diagram is introduced by Yong et al.
(2015b). In HENSM, the HEN is represented in the form of a matrix. The heat exchangers which are arranged
in orderly fashion make it easier for the engineer designers during both synthesis and retrofit process. Gadalla
(2015) represented the existing HEN in a temperature of process hot streams versus temperature of process
cold streams graph. The graph can identify exchangers across the Pinch, Network Pinch, Pinching matches,
improper placement of fuel consumption and generate promising modifications of the HEN. Kang et al. (2016)
proposed the T-Q diagram method to overcome the difficulties in stream splitting and stream matching for the
synthesis of HEN.

State-of-the-art study of the literature on HEN retrofit shows that there are a few key limitations associated with
the existing graphical HEN retrofit methods. Some of the methods require lengthy steps and calculations to
solve retrofit problems because of the need to use multiple visualisation tools or diagrams. Most of the
visualisation tools can only be used for targeting or diagnosis process only. The Composite Curves which are
normally used in the graphical methods represents the temperature intervals of composite instead of individual
streams. Direct matching of the individual streams using the Composite Curves is not possible, and, as a result,
Grid Diagram was introduced. As the Grid Diagram is not plotted to the temperature scale, users need to spend
time to iteratively calculate the enthalpy and check for temperature feasibility. A HEN retrofit graphical method
that can solve the retrofit problem based on individual stream concept is therefore needed to overcome the
mentioned limitations. This study aims to improve the existing HEN retrofit technique by implementing the
individual stream concept to simplify the retrofit process by using only one visualisation tool.

2. Heat Exchanger Network Retrofit Method Using Individual Stream Temperature vs
Enthalpy Plot

The stream temperature versus enthalpy curve (STEP) which has been used for simultaneous HEN targeting
and design HEN (Wan Alwi and Abd Manan, 2010), is now extended to HEN retrofit. STEP diagram which
maintains the individual characteristics of the streams enables the user to do stream matching directly on the
diagram, overcoming the limitation of the conventional Composite Curves. This visualisation tool enables the
users to use the simple graph geometry for retrofit process, which includes identifying cross-Pinch heat
exchangers and observing temperature feasibility and constraints during stream matching. Figure 1 shows an

example of a STEP diagram.
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Figure 1: STEP diagram for retrofit purpose Figure 2: Grid Diagram of the existing HEN in TRP

In a STEP diagram, the slope of the curve indicates the reciprocal of the heat capacity flowrate of a stream; the
two ends of the curve show the inlet and outlet shifted temperature of a stream. A hot STEP is representing an
individual hot stream while a cold STEP is representing an individual cold stream. For retrofit purpose, the hot
stream and cold stream in the same heat exchanger are plotted in pairs, and the difference at the x-axis indicates
the amount of heat exchanged at the heat exchanger.

The newly developed heat exchanger network retrofit method contains two stages, which are the diagnosis and
the retrofit stage. The objective of the diagnosis stage is to select targeted streams to undergo retrofit in the
retrofit stage. The Tjoe Retrofit Project (TRP) (Tjoe and Linnhoff, 1986) is used in this study as an illustrative
example. here are 3 hot streams and 2 cold streams in the case. The minimum temperature approach, ATmin
of TRP is at 19 °C. The existing HEN of TRP is as shown in Figure 2 while Table 1 shows the properties of the
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streams involved in the case. FCp is the heat capacity flow rate of the stream, Ts shows the supply temperature
while Tt shows the target temperature.

Table 1: Properties of the streams in TRP

Stream No.  Stream Type FCp (kW/°C) Ts (°C) Tt (°C)
1 Hot 22.85 159.0 77.0
2 Hot 2.04 267.0 80.0
3 Hot 5.38 343.0 90.0
4 Cold 9.33 26.0 127.0
5 Cold 19.61 118.0 265.0

2.1 Diagnosis Stage
The diagnosis stage involves translation of the existing HEN into STEP diagram, followed by determination of
the potential streams and selection of targeted streams. The steps involved are described as follow.

Step 1: Draw the existing HEN in STEP diagram by maintaining the individual stream characteristic.
Represent the Grid Diagram of the case, as shown in Figure 2, in STEP diagram, as shown in Figure 3 by
following the steps below.

1. Plot the curve for the utilities and heat exchangers present in the first hot stream, starting from low
temperature to high temperature. Note that each utility and heat exchanger has its own heat load range.

2. For a heat exchanger, plot its exchanger pair (cold stream) using the same heat load range as the hot stream.
3. Repeat steps 1 and 2 for the following hot streams.

4. Plot the curve for the remaining utility at the cold streams using individual heat load range.

For cases that involve fewer streams, the matches of the same stream can be plotted next to each other. For
cases that are more complicated, it is advised to plot the matches of the same stream close to each other in the
STEP diagram for easy visualisation.

Step 2: Draw the Pinch Location.

The Pinch location can be determined by using other Pinch Analysis methods, for instances the Problem Table
Algorithm (PTA) and the conventional Composite Curves. For the TRP, the Pinch Location is found to be at
149.5 °C, as shown in Figure 3.
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Figure 3: STEP diagram of the existing HEN for TRP Figure 4: Examples of potential streams

Step 3: Determine potential streams and select targeted streams.

Potential streams refer to the streams with problems. Streams that violate Pinch rules and streams that require
large heating and cooling utilities are examples of streams which have the potential to be selected for retrofit.
Figure 4 shows a few examples of potential streams which can be identified via simple observation of the STEP
diagram.

‘B1-B2’, ‘D1-D2’, ‘E1-E2’ and ‘F1-F2’ are a few types of cross-Pinch matches. A pair of streams is considered
as a Cross-Pinch Match when not the entire stream portion of the match is on the same side of the Pinch. Other
examples of potential streams include stream ‘A’ which is a heating utility below Pinch and stream ‘C’ which is
a Cross-Pinch cooling utility. Stream pairs that have big temperature difference can also be selected as potential
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streams to be retrofitted. Users may as well include the streams that they wish to retrofit as the potential streams,
although the streams are not violating the Pinch rules.

Not all of the potential streams are worth to be retrofitted as this will end up with high retrofit cost. Among the
potential streams, the users are advised to select only the potential streams with large heat load to be listed as
the targeted streams which will later be retrofitted. This is to maximise the heat recovery while maintaining the
retrofit cost at an acceptable range.

In this case study, the Cross-Pinch heat matches are the streams pairs involving Exchanger 1, Exchanger 2,
Exchanger 4 and the cold utility at stream ‘H2’, as shown by the boxes in Figure 3. All streams are selected as
targeted streams as not many streams are involved. In cases that involve large number of streams, streams
that are not selected and not located along the affected streams path can be removed from the STEP diagram
to simplify the problem. After the diagnosis stage, the targeted streams will undergo retrofit in the next stage.

2.2 Retrofit Stage

Step 4: Relocate new Pinch.

After stream selection, determine the new Pinch location using Pinch Analysis method, such as Problem Table
Algorithm. In this case, the original Pinch location is maintained at 149.5°C as no selection of streams involved.

Step 5: Remove Cross-Pinch matches and utilities.
Remove Cross-Pinch matches and utilities by dividing their heat loads on the process streams into two parts
based on the new Pinch location identified in step 4, as shown in Figure 5.
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Figure 5: Heat load division Figure 6: Heat load combination

‘H2 cold’ is divided into ‘H2 cold a’ and ‘H2 cold b’; ‘H3 EX2’ is divided into ‘H3 EX2 a’ and ‘H3 EX2 b’; ‘C5 EXT1’
is divided into ‘C5 EX1 a’ and ‘C5 EX1 b’. After that, combine the divided heat load with the other heat load on
the same process stream of the same side of the Pinch, as shown in Figure 6. Above the Pinch, heat load ‘H2
cold a’ is combined with ‘H2 EX4’ which is in the same stream, into ‘H2 [EX4 — cold a]’; ‘H3 EX2 a’ is combined
with ‘H3 EX1’; ‘C5 EX1 a’ is combined with ‘C5 hot’. Below the Pinch, ‘C5 EX1 b’ is combined with ‘C5 EX4’.
There are a total of 2 hot STEPs and 1 cold STEP above the Pinch, 3 hot STEPs and 3 cold STEPs below the
Pinch.

Step 6: Generate retrofitted network
At each side of the Pinch, match the combined heat loads by observing the Pinch rules and a number of
heuristics.
e There has to be no external cooling above the Pinch.
e There has to be no external heating below the Pinch.
e At the Pinch, FCp of the streams leaving the Pinch must be greater than the FCp of the streams
entering the Pinch.
The rules are to be followed in order to achieve minimum energy targets. The following are the heuristics that
are applied in the newly developed method while matching the hot and cold streams pairs. Note that there is
possibility of violating other heuristics while following the selected heuristics.
e Heuristic 1: Match hot stream of high temperature with cold stream of high temperature, and vice versa
(Umeda et al., 1978).
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e Heuristic 2: Match hot stream with cold stream that has similar FCp. If there is a big difference between
the FCp of the two streams, consider splitting the stream with the larger flow heat capacity (Sama et
al., 1989).

e Heuristic 3: Match hot stream with cold stream that has the same or close amount of heat load.

e Heuristic 4: Serial arrangement of heat exchanger is preferred as compared to parallel arrangement.

The TRP case study is retrofitted using the aforementioned Pinch Rules and heuristics. As mentioned in the
previous step, there are more hot STEPs than cold STEP above the Pinch. As no external cooling is allowed
above the Pinch, stream ‘C5’ is split to enable more matches. The split streams are used to pair with ‘H2 [EX4
—cold a] and ‘H3 [EX1- EX2 a]'. Hot utility of 1241.62 kW is required to heat up the remaining of the stream.
There are 3 hot STEPs and 3 cold STEPs below the Pinch. Unlike above the Pinch, there are many possible
matches that can be generated for streams below the Pinch, hence heuristics are to be followed in order to
match the streams into pairs. By considering Heuristic 1, 2 and 3, ‘H1 EX3’ can be matched with ‘C5 [EX1 b —
EX4]. ‘C5 [EX1 b — EX4] is the cold stream with the highest temperature below the Pinch. It is therefore
matched with the hot stream ‘H1 EX3’ which has almost similar FCp (same gradient) and similar amount of heat
load. In fact, the other hot streams, ‘H2 cold b’ and ‘H3 EX2 b’ are also available at the same temperature range
with ‘C5 [EX1 b — EX4], but both of them are having lower FCp (higher gradient). ‘H3 EX2 b’ and ‘C4 EX2' is
the original match in TRP, but some of the heat load at stream ‘H3'’ is divided due to the Pinch, leaving parts of
the heat load at ‘C4 EX2’ unsatisfied.
‘C4 EX3’ is another unpaired cold STEP since its original exchanger partner is matched with the heat load at
stream ‘C5’. Both remaining heat load at ‘C4 EX2’ and ‘C4 EX3’ can exchange heat with ‘H1 cold’ or ‘H2 cold
b’. It is the same to use either one of the cold utility, ‘H1 cold’ is chosen in this case. ‘C4 EX3’ will violate ATmin
if it is matched with stream ‘H1 cold’. Its FCp is also too large as compared to ‘H2 cold b’. Stream splitting is
necessary to match stream ‘C4’ with ‘H3 EX2 b’ and ‘H1 cold’. The overall results for the retrofit process are as
shown in Figures 7 and 8. A total of 1,241.62 kW hot utility and 948.2 kW cold utility are required.

Figure 7: Retrofitted configuration for TRP
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Figure 8: Grid Diagram of the retrofitted HEN

3. Result and Discussion

The results obtained in this study is compared to those generated using the Simple Pinch Analysis (Li and
Chang 2010) which also uses TRP as a case study. Table 2 shows that the percentage of hot utility reduction
for this study is almost similar to the one obtained using Simple Pinch Analysis. On the other hand, the
percentage of cold utility reduction in this study is 5.41 % higher than those obtained using Simple Pinch
Analysis. The results of this study show that the newly developed HEN retrofit approach is comparable with
other insight-based retrofit methods in terms of heat recovery. This visualisation tool can be used to
simultaneously diagnose and retrofit an existing HEN, simplifying the lengthy calculations and steps in the
conventional graphical methods. Users are able to modify and improve the existing HEN, interactively guided
by the simple graphical geometry of the T-H diagram during stream selection and stream matching stages. This
method focusses on areas with potentially worthwhile scope for retrofit in order to save the time needed for
generating retrofit options.The interactive approach allows designers to explore worthwhile scope of heat
recovery with minimal structural changes and less capital investment.
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Table 2: Comparison of results of TRP

Existing network Simple Pinch Analysis This work
(Li and Chang, 2010)

Number of units 7 8 8

Cold utility (kW) 1,555.3 1,032.4 948.2
Hot utility (kw) 1,764.9 1,241.08 1,241.62
Percentage reduced for cooling utility (%) 33.62 39.03
Percentage reduced for heating utility (%) 29.68 29.65

4. Conclusions

A new HEN graphical retrofit technique has been developed in this study by utilising the STEP diagram as a
visualisation tool based on individual stream concept. ,This concept overcomes the limitations of the
conventional methods by allowing the users to diagnose and retrofit the existing HEN using only one graphical
tool. ,The graphically interactive retrofit approach proposed in this study avoids repetitive calculations and is
able to yield results comparable to, or better than, those generated using conventional retrofit methods.
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