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This research proposes a new graphical method for the analysis of heat recovery systems, applicable to both
phases of grassroots and revamping. The new graphical method is based on plotting temperatures of process
hot streams versus temperatures of process cold streams. A new graph is constructed for representing
existing preheat trains. For a given preheat train, each existing exchanger is represented by a straight line,
whose slope is proportional to the ratio of heat capacities and flows. Further, the length of each exchanger line
is related to the heat flow transferred across this exchanger. This new graphical representation can easily
identify exchangers-across-the-pinch, Network Pinch, pinching matches and improper placement of fuel
consumption. Furthermore, such a graph can recognise promising modifications to improve the energy
performance and hence less fuel and cooling water requirement. Graphs developed in this work can be used
to analyse the energy performance of existing networks with respect to energy targets. They can also be used
in junction with the background process to modify basic designs or existing network for better energy
integration opportunities and minimum fuel demands.

1. Introduction

Pinch technology is an outstanding methodology for energy saving in processes where heating and cooling
are characterising the processing operations. The concept of Pinch Analysis is originally discovered and
further developed in late 70s by Hohman (1971), Huang and Elshout (1976), Linnhoff et al. (1979, 1982) and
Umeda et al. (1978). Yet it is evolving along the years and its applicability is broadening, mainly for saving
material flows (El-Halwagi, 2012) and energy supplies. Pinch Analysis is found very popular and successful
given the fact that it is conceptually simple and with impressive results, i.e. 10 to 35% in energy savings (NR
Canada, 2003). The Pinch Analysis principles are set of rules, established using graphical representations
such as Composite Curves, or by calculation-based methods known as the ‘Problem Table Algorithm’
(Linnhoff and Flower, 1978). Smith (2005) and Klemes (2013) provide a systematic procedure on how to
construct Composite Curves for a given process, and outline the main features of such graphs. Maximum heat
recovery is achieved within a given process, by complying with the principles of Pinch Analysis in the design
for a given ATmin. Also in retrofit situation, the energy efficiency can be improved by removing violations to
these principles.

Existing HENs are conventionally represented using grid diagrams. These diagrams are kind of sketches and
can describe existing networks with details of connections but cannot interpret the principles of Pinch Analysis
qualitatively nor quantify the energy inefficiencies particularly for very large HENs. In addition, the location of
Network Pinch and Pinched Matches are not easy to detect using HEN grid diagrams, particularly for very
complex networks, such as in refining processes. At the time that Composite Curves can describe fully new
HEN designs, existing exchangers cannot be represented using such curves. It is valuable then if the existing
network can be represented fully with its exact details of stream matches, temperatures and duties for better
understanding to improve energy performances. It is also significant to graphically identify the locations of

Please cite this article as: Gadalla M., 2015, A new graphical method for pinch analysis applications: energy integration, Chemical Engineering
Transactions, 43, 1291-1296 DOI: 10.3303/CET1543216



1292

Network Pinch and limiting exchanger matches. Having represented an existing HEN with all associated
details using new graphs, the Pinch Analysis principles and guidelines can be interpreted easier and thus
energy improvement are obtained. Such graphs would be a key in performing revamping studies. The current
research aims to tackle these previous observations and is to develop a new graphical tool featured with a
new visualisation capability that will address such issues in existing methods.

2. A New Graphical Representation for Energy Analysis

The new graphical representation is obtained by plotting the temperatures of hot streams entering and leaving

an exchanger unit versus those corresponding temperatures for cold streams. Thus, the y-axis is to represent

the temperatures of all hot streams around exchangers whereas the x-axis is representing the corresponding

cold streams temperatures, as demonstrated in Figure 1. Any process or utility hot stream can be represented

by two horizontal lines on the diagram of Figure 1. The upper horizontal line will represent the supply

temperature of the stream, whereas the lower horizontal line will represent the target temperature. Similarly,

cold process or utility streams will be represented through two vertical lines, one for the supply temperatures

(to left side) and another for the target temperatures (to right side). The pinch temperatures of the process are

plotted on the graph as a vertical line for the cold pinch temperature and a horizontal line for the hot pinch

temperature. These two lines divide the graph into four distinct regions, left upper, right upper, left lower, right

lower regions. Each region reflects the location of a group of exchanger matches within the heat exchanger

network, as follows:

1. Left upper region: exchangers located in this region represent the matches exchanging or integrating heat
between hot streams above the pinch with cold streams below the pinch.

2. Right upper region: exchangers located in this region represent the matches exchanging or integrating
heat between hot streams above the pinch with cold streams above the pinch.

3. Left lower region: exchangers located in this region represent the matches exchanging or integrating heat
between hot streams below the pinch with cold streams below the pinch.

4. Right lower region: exchangers located in this region represent the matches exchanging or integrating
heat between hot streams below the pinch with cold streams above the pinch.
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Figure 1: A new graphical representation for energy analysis

The new graphical representation shown in Figure 1 features the following:

5. Any point located inside the graph is defined by two temperature coordinates, i.e. (Tc, Th).

6. The minimum temperature approach difference appears twice, first with the vertical cold pinch
temperature and then with the horizontal hot pinch temperature.

7. The diagonal line in the graph represents the case when hot stream temperatures approach cold stream
temperatures or Th=Tc. Accordingly the diagonal divides the graph into two regions of heat integration,
feasible energy integration above the diagonal, and infeasible energy integration below the diagonal. The
infeasibility region below the diagonal is due to the fact that within this region any possible heat sources
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are colder than heat sinks. Therefore heat integration is thermodynamically impossible. This implies that
all exchangers integrating heat must lie above the diagonal.

8. The ‘Right Upper Region’ is in energy balance with external hot utilities. Thus it is expected in this region
that only heaters may appear.

9. The ‘Left Lower Region’ is similarly in energy balance with external cold utilities. Thus it is only allowed for
energy efficient networks to have coolers within this region.

10. Exchanger matches located in the ‘Left Upper Region’ would transfer heat across the pinch. The heat
integration of this region is still feasible, although it violates Pinch Analysis principles.

11. Energy integration or heat recovery for maximum energy efficiency will only take place through the
exchangers in the two regions ‘Right Upper’ and ‘Left Lower’. Although the situation in many real plants of
refining units or preheat trains is different that several exchanger matches are exchanging heat and are
located within the region ‘Left Upper Region'. This last situation of poor design leads to inefficient heat
integration or recovery in existing refineries and preheat trains. Thus considerable amounts of fuels and
cooling utilities are consumed as a result of such a poor design. Therefore, these exchanger matches
need particular consideration if the energy efficiency is to be maximised.

12. Coolers located in the Left Upper Region’ violate the Pinch Analysis principles. For this, the identification
of such units is useful and would help in increasing the energy efficiency of an existing networks, i.e. heat
loads on these coolers can be exploited for more energy integration. This feature may help in creating
paths for heat integration. A path is linking a hot process stream and cold process stream with an
exchanger unit at the presence of a relevant cooler and heater for these streams (Smith, 2005).

13. Exchanger matches touching the pinch temperatures from one point signify that these matches start or
end heat integration between streams at the corresponding pinch temperatures, i.e. energy integration
takes place at the pinch temperatures.

Consider a heat exchanger hx, transferring heat between a hot stream H and a cold stream C with a heat
integration load of Q. The inlet temperature of hot and cold streams are Thin and Tcin respectively, while
these streams leave the exchanger unit at Thout for the hot stream and Tcout for the cold stream. The hot
stream has a mass flow rate of mh and a specific heat of Cph. On the other hand, the cold stream has a mass
flow rate of mc and a heat capacity Cpc. Performing an energy balance on the given exchanger match results
in:

Q =my X Cpp X (T* = TE') = my, X Cpp X ATy, (1)
Q =mg X Cpe X (TE¥ = TiM) = m, X Cpe X AT, (2)

If the heat capacities of hot and cold streams are considered constant across the range of temperatures, then
Eq(1) and Eq(2) can be written as:

Q = CPy X (Tf™ — TY™) = CP, X ATy, (3)
Q= C_Pc X (Tcout - Tcm) = @ch X ATC (4)

where, CP, is the mean heat capacity flow for the hot stream, and CP. is the mean heat capacity flow for the
cold stream. Note that Eq(1) and Eq(2) imply heat transfer based on sensible heat; however, in cases of
phase changes, terms for latent heats are added. Dividing Eq(3) by Eq(4):

CP./CP, = AT, /AT, ®)

If the exchanger match is plotted on the new graphical representation as a straight line (with an arrow), then
the line should start at the point (Tcout, Thin) and end at (Tcin, Thout); see Figure 2. The exchanger line is
bounded by the temperatures of both the hot stream and cold stream. The hot temperatures could be the
supply and target temperatures of the hot stream, or some of its intermediate temperatures. Likewise, the cold
temperatures could represent the supply and target temperatures of the cold stream or its intermediate
temperatures. Given the assumption of constant specific heat within the range of temperatures, exchangers
are represented by straight lines. Still, variable thermal properties can be taken into account in the plot. The
slope of the line representing exchangers is given by Eq(5), as the ratio between the heat capacity flows of
cold stream to hot stream or the temperature difference of hot stream divided by that of the cold stream. Thus
the vertical distance of the line is equivalent to ATh, while the horizontal distance is equivalent to ATc. Note
that the exchanger line is vertical for vaporisation and horizontal for condensation.
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Figure 2: Representation of an exchanger match on the new graphical plot

A significant feature observed in Figure 2 is that the vertical distance between the straight line and the
diagonal gives the temperature driving force profile across each exchanger (AT). The closet the exchanger
line to the diagonal, the smallest the temperature driving force the exchanger has. Then if the line is parallel to
the diagonal, this implies a constant temperature driving force along the exchanger match. An exchanger
match becomes a limiting for heat recovery as the line approaches the diagonal, and hence a decreased
temperature driving force. This feature would help in identifying limiting exchanger matches for heat recovery
by locating those matches with the smallest vertical distances to the diagonal, and hence temperature driving
forces. The maximum heat recovery for an existing network is identified when exchanger matches tend to
touch the diagonal in the graphical representation, where Th=Tc. Thus, these matches are pinching matches
whenever heat recovery is maximised and a Network Pinch takes place.

3. An lllustrative Example — An Existing HEN

An existing heat exchanger network presented in previous work by Asante and Zhu (1997) is considered for
the application of the new graphical representation. The case represents a real network of five exchanger
units, as shown in Figure 3. The existing network has four hot streams and one cold streams. The existing
network consumes hot utility and cold utility at the rate of 160 MW and 50 MW respectively.

The existing heat exchanger network is described using the new graphical method, and is demonstrated in
Figure 4. A minimum temperature approach difference of 10 degrees Celsius is used in the new
representation. Cold stream c1 is displayed by the vertical line at 100 °C for the supply temperature, and the
vertical line at 190 °C for the target temperature. In the same way, hot stream h1 is represented through two
horizontal lines at 160 °C and 120 °C for the supply and target temperatures respectively. Hot stream h4 is
represented between the supply temperature of 200 °C and target temperature of 130 °C. For this ATmin, the
pinch temperatures for the process streams are 150 and 140 °C for the hot and cold respectively; these pinch
temperatures are easily obtained by using any traditional Pinch Analysis method such as given by Smith
(2005). The energy targets for this process at ATmin=10 °C are 125 MW and 15 MW for hot energy and cold
energy respectively. It is obvious that the existing network performs away from the energy targets. External
hot utility is consumed by 28% more than energy target. This means that the real process excessively
consumes a fuel oil or natural gas to provide the process heating. Therefore, a potential of fuel savings is
available at the rate of 28%.

The existing heat exchanger network shown in Figure 4 can then easily be evaluated with respect to Pinch

Analysis principles and energy targets, as follows:

(1) The heater E104 is appropriately placed in the region ‘Right Upper’.

(2) The two coolers E100 and E106 are partly inappropriately placed in the region ‘Left Upper’, where energy
integration is to take place across the pinch.
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(3) The exchanger matches E103 and E101 are integrating heat consistently with the Pinch design method.
E103 is integrating energy from hot stream above the pinch to a cold stream above the pinch. Likewise,
E101 is transferring the heat from hot stream below the pinch to a cold stream below the pinch. This
means a Network Pinch may probably takes place at this exchanger match when energy integration is to
be performed.

(4) The exchanger E101 is close to the diagonal, hence it is a potential limiting exchanger in energy saving
projects.

(5) The exchanger E102 is integrating heat across the pinch, i.e. exchanging heat from above the pinch into
below the pinch.

(6) For the current performance, there appears no pinching matches as none of the exchanger matches
(represented by lines) touch the diagonal (ATmin=0 °C) or the line corresponding to ATmin=10 °C. On the
contrary, there is still a positive vertical distance between the exchanger lines and the diagonal. This
implies positive temperature driving forces and hence more potential for energy integration.
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Figure 4: A new graphical representation for an existing HEN (small arrows refer to streams h1, h4 and c1)

Guided by the conclusions drawn from the graphical method of Figure 4, a modified HEN is proposed in
Figure 5. The modifications proposed to the existing HEN are: modification #1; relocating the cooler E100 to
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recover more heat from the hot stream h1 through heating the cold stream c1rather than using cooling water,
and modification #2; shifting the exchanger integrating heat across the pinch (E102) away from the region ‘Left
Upper’ to the region ‘Right Upper. As a result of these modifications, more heat is integrated within the
process (20 MW), and thus the heat load on the heater E104 decreases to 140 MW, compared with 160 MW
for the existing network. This corresponds to a saving of 12.5% in the fuel consumption (or hot utility) and 40%
for cooling water with the existing performance.
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Figure 5: A graphical procedure for potential modifications for HEN revamping

4. Conclusions

In this work, a new graphical method has been developed to describe an existing heat exchanger network,
including details of exchanger matches, heaters and coolers. Details of exchangers are plotted as
temperatures of hot streams versus temperatures of cold streams. The new graphs can analyse and evaluate
the performance of the existing HENs or preheat trains with respect to Pinch Analysis principles. Existing HEN
energy inefficiencies are identified as a result of the performance analysis. Thus, the potential energy recovery
is estimated through evaluating these inefficiencies quantitatively. The new graphical method is capable of
proposing potential medications for better energy integration. The method also provides a systematic
procedure, graphical-based by which potential modifications can be implemented. Various modification
alternatives are also reached as a result of the new approach.
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