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Abstract: Heat integration has been widely and successfully practiced for recovering thermal en-
ergy in process plants for decades. It is usually implemented through synthesizing heat exchanger
networks (HENs). It is recognized that mechanical energy, another form of energy that involves
pressure-driven transport of compressible fluids, can be recovered through synthesizing work ex-
changer networks (WENs). One type of WEN employs piston-type work exchangers, which demon-
strates techno-economic attractiveness. A thermodynamic-model-based energy recovery targeting
method was developed to predict the maximum amount of mechanical energy feasibly recoverable by
piston-type work exchangers prior to WEN configuration generation. In this work, a heat-integrated
WEN synthesis methodology embedded by the thermodynamic model is introduced, by which the
maximum mechanical energy, together with thermal energy, can be cost-effectively recovered. The
methodology is systematic and general, and its efficacy is demonstrated through two case studies
that highlight how the proposed methodology leads to designs simpler than those reported by other
researchers while also having a lower total annualized cost (TAC).

Keywords: work exchanger network synthesis; thermodynamic modeling; work integration; me-
chanical energy recovery; heat integration

1. Introduction

Continuous improvement of process sustainability is a significant endeavor for the
industry, largely due to natural resource depletion, environmental pressures, and global
competition. A key indicator of process sustainability is energy efficiency. Over the past few
decades, the process industry has demonstrated great success in thermal energy recovery,
frequently through the incorporation of cost-effective heat exchanger networks (HENs). In
contrast, mechanical energy recovery, while having a large scope in industrial settings with
about a 30% mechanical energy loss in production [1], has not drawn sufficient attention.

From a thermodynamic point of view, heat flow, for which temperature is the state
variable, can be holistically controlled to ensure thermal energy efficiency. Workflow, on the
other hand, for which pressure is the state variable, is yet to be fully characterized so that
opportunities for recovering mechanical energy can be thoroughly identified. In process
plants, many process streams need to be pressurized to different levels, which require
work for compression, while many others should be depressurized, also to different levels,
which produce work through expansion. This provides opportunities for work exchange
among process streams for mechanical energy recovery. One of the technical approaches
is to design work exchanger networks (WENs) for process plants. The concept of WEN
synthesis was first introduced by Huang and Fan [2]. In their work, work exchangers (WEs)
were piston-type devices that can be called direct WEs, and a detailed thermodynamic
analysis of work integration was provided.

WEN synthesis did not catch sufficient attention initially until around 2010. Deng et al.
conducted a basic thermodynamic analysis on gas–gas work exchange using direct WEs [3].
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Chen and Feng described a graphical method for the design of a WEN for ammonia
synthesis [4]. Liu et al. proposed a method using the pressure–work diagram that was
initially introduced by Huang and Fan [5].

Razib et al. proposed the use of two-stream single-shaft-turbine-compressor (SSTC)
units, a type of indirect work exchange unit, to design a WEN [6]. A superstructure-based
modeling method was introduced, and a network was designed using a mixed-integer
nonlinear programming (MINLP) technique. Onishi et al. described a new MINLP opti-
mization model for WEN synthesis with hypothetic heat integration for optimal pressure
recovery of gaseous processes that also uses SSTC units [7]. Huang and Karimi included
a HEN in a WEN system and minimized total annualized cost (TAC) [8]. Meanwhile,
Du et al. presented a transshipment model for WEN synthesis, where SSTC units were
used under isothermal conditions [9]. The above studies have made significant strides in
the advancement of WEN synthesis; however, many of them use SSTC units or indirect
WEs. It is noted from Amini-Rankouhi and Huang’s study that indirect WEs may greatly
limit mechanical energy recovery [10].

In a study by Deng et al., both direct and indirect WEs were analyzed alongside
heat integration [11]. A pinch analysis technique was used for the WEN design. How-
ever, the efficiency of mechanical energy recovery could not be guaranteed. Gundersen
and associates discussed the importance of work integration alongside heat integration
and analyzed the effect of compressor and expander placement on overall energy re-
covery in HENs [12–15]. They used these ideas to introduce the work–heat exchange
network (WHEN) synthesis problem. This type of synthesis problem was also stud-
ied by Hamedi et al. [16], Huang et al. [17], Pavão et al. [18,19], Santos et al. [20,21], and
Zhuang et al. [22], who used different optimization or meta-heuristic techniques in solu-
tion derivation. Very recently, Ibric et al. described an MINLP-based solution method
for integrating a HEN into a WEN that was composed of compressors and expanders
only [23]. These proposed methods, while effective at mechanical energy recovery, only
use compressors and expanders. They do not make use of WEs for integration and, as such,
do not fall under the scope of this study. The piston-type work exchanger is a cylindrical
device for direct pressure exchange between a high-pressure stream on one side of the
piston and a low-pressure stream on the other side of the piston. It is structurally and
operationally different from the single-shaft-turbine-compressor (SSTC), which has a single
shaft, with part of the turbine’s output driving the compressor. Thus, the thermodynamic
modeling and analysis and the model-based synthesis methodology proposed in this work
cannot be directly applied to the SSTC-based work exchanger network design. On the other
hand, the introduction of piston-type work exchangers is intended to reduce the number of
compressors, which are generally more expensive.

As is clear from the extensive work conducted in the area, researchers have made
substantial progress on the subject of WENs. However, there is still much room for
advancement, especially for the design of WENs using piston-type direct WEs. Amini-
Rankouhi and Huang introduced a thermodynamic analysis method for the evaluation
of the maximum amount of feasibly recoverable mechanical energy by this type of WEN
prior to flowsheet generation [24]. It shows that the preset mechanical energy recovery
target is theoretically achievable and the energy efficiency of such a WEN is higher than in
previous studies. The robustness of the proposed thermodynamic method allowed it to be
used by the authors in this work as well. A further study by this group also reported a low
capital cost feature of this type of WEN, as compared with the WENs that use other types of
units [10]. Additionally, a comprehensive study on the design of direct WEs was conducted,
and a detailed dynamic analysis of such a unit type in operation was performed [25].

WENs are highly complex because of the effects of pressurization and depressurization
on the temperature of process streams. This, coupled with the fact that stream temperatures
entering and leaving a WEN are usually determined by the operational requirements
of the upstream and downstream process units, necessitates the incorporation of heat
integration in the WEN design. In this work, we introduce a thermodynamic-model-based
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synthesis methodology, building upon the previous work introduced by Amini-Rankouhi
and Huang [10,24], to develop a heat-integrated work exchanger network (HIWEN).

This paper is organized as follows: We first define the HIWEN synthesis task and
summarize the thermodynamic-model-based method for the prediction of the maximum
mechanical energy recovery prior to WEN synthesis. We then describe a synthesis strategy
for HIWEN development. After that, we introduce a systematic synthesis methodology for
stepwise HIWEN flowsheet development. Two case studies are then illustrated to detail the
application of the synthesis methodology. The methodological efficacy is finally discussed,
and future work is presented.

2. Synthesis Task and Prediction of Maximum Mechanical Energy Recovery

The WEN synthesis task can be described as follows: Given a set of high-pressure
and low-pressure process streams, whose source and target pressures and temperatures,
flowrates, heat capacities, and phases are specified, design a work exchanger network
(WEN) using piston-type direct work exchangers (referred to simply as WEs in this paper),
which maximizes energy recovery while also presenting the lowest possible cost for that
scenario. The minimum driving pressure differential (∆Pmin) in each WE is pre-defined, and
compressors and expanders are available to provide “external” power for pressurization
and depressurization of process streams as needed.

To address such a problem statement, the maximum amount of mechanical energy
recoverable by a WEN should be determined prior to network design. To do this, Amini-
Rankouhi and Huang developed a rigorous and general thermodynamic modeling and
analysis method to accurately identify the maximum amount of recoverable mechanical
energy of any process plant [24]. The following is a summarized three-step procedure that
briefly describes the method; for detailed formula derivations, please read Amini-Rankouhi
and Huang [24].

(1) Identify the pressure intervals of the low-pressure streams (denoted as L streams)
for pressurization by the high-pressure streams (denoted as H streams). Since WEN synthe-
sis involves a series of stream matchings through which a certain amount of mechanical
energy is transferred from each pair of H streams and L streams, it is necessary to identify
the pressure intervals for the set of H streams and L streams. The formulations for this task

are listed in boxes No. 1 and 2 in Figure 1, where matrix
¯
P contains all of the identified

pressure intervals between all of the pairs of H and L streams. Alongside the derivation

of matrix
¯
P, two vectors should also be determined based on the given stream data: WH

(the mechanical energy that can be provided by H streams) and WL (the mechanical energy
required by L streams).

(2) Evaluate the mechanical energy transfer from H streams to L streams. By using the

pressure interval information contained in matrix
¯
P, the mechanical energy transferrable

from each pair of H and L streams can be calculated using the formulas listed in boxes
No. 3 and 4 of Figure 1. Matrix Wβ should be created to store all the calculated energy
transfer data, and vector Wγ should be created to contain information about whether each
individual H stream can provide sufficient mechanical energy to the L streams if they
are matched.

(3) Determine the minimum amount of external energy required and the maximum
amount of recoverable mechanical energy. This task is accomplished in two steps. The
first step is to estimate the minimum amount of external energy required. The formulas
listed in box No. 5 are for the calculation of WC and WE, which are the compression
and expansion power needed from external sources, respectively. With these derived, the
maximum amount of recoverable mechanical energy, Wtot

R , can be determined using either
of the two formulas listed in box No. 6 of Figure 1.
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Figure 1. Systematic procedure for evaluation of maximum recoverable mechanical energy. Figure 1. Systematic procedure for the evaluation of maximum recoverable mechanical energy.

3. Synthesis Strategy

As discussed above, meeting the temperature specifications for upstream and down-
stream processes requires the incorporation of heat integration into the design. This causes
the WEN design to be coupled with an additional task: the integration of a HEN into a
WEN, thereby rendering a heat-integrated WEN (HIWEN). To do this, two strategies for
heat integration are proposed: either the integration is synthesized after the WEN synthesis
or during the synthesis. Of the two strategies, synthesizing heat integration during WEN
synthesis is not preferable. Such an integration strategy makes the whole synthesis not
only very complex but, more importantly, also not efficient for thermal energy recovery.
Alongside this, the dynamic characteristics and operational features of piston-type WEs
explained by Amini-Rankouhi and Huang may bring additional operational challenges if a
heat transfer unit is placed between two WEs [10]. Thus, it is more appropriate to synthesize
a WEN first and use the resulting temperature profiles to define a heat integration problem.
The simultaneous optimization of both networks is a direction that will be considered in
the future. Thus, based on the identified hot and cold process streams of the synthesized
WEN, a HEN can be developed. The resulting HEN can then be integrated into the WEN to
generate a HIWEN that should result in the maximum recovery of mechanical and thermal
energies at the lowest total annualized cost.
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4. Thermodynamic-Model-Guided WEN Synthesis

For a synthesis problem involving NH high-pressure (H) streams and NL low-pressure
(L) streams, the maximum amount of recoverable energy by a WEN can be determined by
the methodology developed by Amini-Rankouhi and Huang prior to network design [24].
The main tasks of the synthesis can be accomplished using the thermodynamic models to
determine: (1) the placement of the minimum number of WEs between a set of H streams
(NH) and a set of L streams (NL) such that the maximum amount of mechanical energy is
recovered, and (2) the placement of the minimum number of compressors and expanders
such that the least amount of external energy is consumed.

4.1. Placement of Work Exchangers

Determining the optimal placement of WEs requires the selection of stream pairs
within the proper pressure intervals for recovering the maximum amount of mechanical
energy. To select stream pairs, two matrices, WW and PM, are used, referring to the
workload and pressure interval of each WE match, respectively. Figure 2 shows how
matrices WW and PM are derived.

Detailed steps for matrix construction are described below.
Step 1. Determination of pairs of H streams and L streams for matching and the amount

of mechanical energy to recover in each WE. This can be realized by constructing matrix
WW below.

WW =


WWH1,L1

WWH1,L2
· · · WWH1,LNL

WWH2,L1
WWH2,L2

· · · WWH2,LNL
...

...
. . .

...
WWHNH

,L1
WWHNH

,L2
· · · WWHNH

,LNL

 (1)

where WWHi ,Lj
is the workload of the WE that is used to match the Hi stream with the

Lj stream.
To determine the element values of the matrix, the information contained in the

following matrices and vectors is used: WH (NH × 1), WL (NL × 1),
¯
P (NH × NL), Wβ

(NH × NL), and Wγ (NH × 1). Each of these matrices and vectors were derived when
predicting the maximum recoverable mechanical energy, and as a result, their derivations
are not detailed here. For more detailed explanations, refer to Figure 1 or Amini-Rankouhi
and Huang’s previous work [24].

The procedure for deriving matrix WW is shown in Figure 2. Note that matrix Wβ

contains the amount of mechanical energy that can be feasibly transferred from each H
stream to each L stream. However, the amount of energy that can be provided by an H
stream can be either higher, equal, or lower than that of an L stream based on the data
in vector Wγ. Therefore, to generate matrix WW , matrix Wβ and vector WL need to be
used to find the most appropriate locations for placing WEs. Any positive term in vector
Wγ indicates that the relevant H stream can provide sufficient mechanical energy to the
L streams assigned to it. As shown in Figure 2, for the situation where Wγi has a positive
value of the i-th H stream or an absolute value less than WβHi ,Lj

, a WE should be placed with

a workload equal to WβHi ,Lj
. If Wγi has a negative value and its absolute value is higher

than WβHi ,Lj
, a WE should also be placed, but the workload should be WβHi ,Lj

− |Wγi | unless

WβHi ,Lj
is the largest number in the j-th column of Wβ.

Step 2. Determination of the pressure intervals of the stream pairs where work exchangers
are placed. This can be realized by constructing matrix PM below.
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¯
PM =


PMH1,L1

PMH1,L2
· · · PMH1,LNL

PMH2,L1
PMH2,L2

· · · PMH2,LNL
...

...
. . .

...
PMHNH

,L1
PMHNH

,L2
· · · PMHNH

,LNL

 (2)

where

PMHi ,Lj
=

[
Pa

MHi , Lj
, Pb

MHi , Lj

]
(3)
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Note that PMHi ,Lj
gives the pressure interval of low-pressure stream Lj such that within

this interval it can receive mechanical energy from high-pressure stream Hi. The high-
pressure stream is also within its own given pressure range of

[
Pt

Hi
, Ps

Hi

]
. Once matrix PM

is completed, each element in it, as long as it is not a null interval (i.e., [0, 0]), should be
indicative of one WE to be placed in the interval of

[
Pt

Hi
, Ps

Hi

]
for the Hi stream and in

the interval of
[

Pa
MHi , Lj

, Pb
MHi , Lj

]
for the Lj stream. The energy exchange between the two

streams is equal to WWHi ,Lj
, which was calculated in Step 1.

Note that the amount of mechanical energy that needs to be removed from the Hi

stream in the pressure range of
[

Pt
Hi

, Ps
Hi

]
may be transferrable to more than one low-

pressure stream. In this case, stream Hi can be split into two or more branches.
The interval values of element PMHi ,Lj

are determined using the following equations.

The upper bound is set to be the upper bound of the interval PHi ,Lj , i.e.,

Pb
MHi , Lj

= Pb
Hi , Lj

(4)

and the lower bound is to be calculated depending on the operating condition below:

Pa
MHi , Lj

=



Pb
MHi , Lj

exp

−
WWHi , Lj

zRTs
Lj

(
VLj

ρLj
MwLj

)
; Isothermal condition

(Pb
MH, L

)( kL
kL−1 ) −

WWHi , Lj
(Ps

L)
kL−1

kL(
kL

kL−1

)
zRTs

L

(
VLρL
MwL

)


(
kL

kL−1 )

; Isentropic condition (adiabatic)

(Pb
MH, L

)( mL
mL−1 ) −

WWHi , Lj
(Ps

L)
mL−1

mL(
mL

mL−1

)
zRTs

L

(
VLρL
MwL

)


(
mL

mL−1 )

; Polytropic condition (adiabatic)

(5)

In the above formula, parameter k is a ratio of the heat capacity at constant pres-
sure and volume (i.e., k = cP/cV), and parameter m is related to parameter k (i.e., m =
kηp/

[
1 − k

(
1 − ηp

)]
), where ηp is the polytropic efficiency. If ηp reaches 100% (i.e., no

friction), then parameters k and m are equal. Hence, (k − 1)/k =(m − 1)/m =R/cP. For
more detailed information about formula derivation, see Walas and Liu et al. [5,26].

For cases where a HEN will be located before the WEN, the formulation shown in
Equation (5) will be slightly changed. This will be discussed later.

4.2. Placement of Compressors and Expanders

For any L stream, if its outlet pressure when leaving a WEN after receiving mechanical
energy from one or more H streams still has not reached its target pressure, then one or
more compressors will be needed. The location(s) and power(s) of such compressor(s) can
be determined by constructing two vectors: WCa and WCb . Figure 3 shows a procedure for
generating these vectors.

Vector WCa is of the following structure:

WCa =


WCa1
WCa2

...
WCaNL

 (6)
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where

WCaj
=

NH

∑
i=1

(
WβHi , Lj

− WWHi ,Lj

)
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Note that WβHi ,Lj
is the amount of mechanical energy that can be feasibly transferred

from the Hi stream to the Lj stream. However, this does not mean the energy needs to be
fully transferred; it is possible that a certain amount of energy from the Hi stream may
be transferred to some other low-pressure stream(s); WWHi ,Lj

is the amount of mechanical

energy that the Lj stream has received from the Hi stream through a WE that matches this
pair of streams. Thus, WCaj

gives the power needed for a compressor to be placed on the Lj

stream if its value is not zero.
It is possible that the Lj stream, even after having a compressor placed to raise its

pressure, may still have not received all the necessary amount of compression in order to be
pressurized to its target pressure (Pt

Lj
). For this reason, vector WCb is introduced to identify
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the location(s) and the power(s) for additional compressor(s) for all L streams. Figure 3
shows how to generate this vector. A more detailed explanation is provided below:

WCb =


WCb1
WCb2

...
WCbNL

 (8)

where

WCbj
= WLj −

NH

∑
i=1

WβHi , Lj
(9)

Note that WLj is the total amount of mechanical energy needed in order to raise the
low-pressure stream’s source pressure (Ps

Lj
) to its target pressure (Pt

Lj
). If it is still greater

than the total amount of mechanical energy that can be feasibly transferred from all the

high-pressure streams (i.e.,
NH
∑

i=1
WβHi , Lj

), then additional compressor(s) need to be placed.

It is possible that a high-pressure stream (Hi), after a feasible transfer of mechanical
energy to one or more L streams, has an outlet pressure that is higher than its target pressure
(Pt

Hi
). If this is the case, then an expander is needed. Thus, vector WE is introduced, which

has the following structure:

WE =


WE1

WE2
...

WENH

 (10)

where

WEi =

{
0; Wγi ≤ 0

Wγi ; Wγi > 0
(11)

Note that a positive value of Wγi means the amount of mechanical energy left in the
Hi stream is unable to be feasibly transferred to any L streams. Under this situation, an
expander is needed so that the Hi stream can reduce its pressure to its target pressure (Pt

Hi
).

5. Heat Integration with a WEN Design

The WEN synthesis methodology described in the last section is applicable to any
design problem where stream target temperatures are not defined. However, in industrial
applications, there are requirements for the temperatures of the streams leaving the WENs
that are set by the downstream systems for their operations. In particular, Deng et al.
suggested that more attention should be given to a WEN where streams are in the gas
phase [3]. As such, processes with adiabatic conditions where the outlet temperatures
of streams, after each stage of pressurization or depressurization, are different from the
desired temperatures are of particular focus. These systems will require heating or cooling,
and thus heat integration will have to be applied alongside work integration.

Heat integration is realized through synthesizing a cost-effective HEN. The HEN can
be placed either before or after the WEN, as shown in Figure 4, where vectors Ps and P t are
the source and target pressures of all high-pressure and low-pressure streams, respectively,
and vectors Ts and T t are their source and target temperatures, respectively.
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Figure 4. Options for the placement of a HEN: (a) HEN located before WEN and (b) WEN located
before HEN.

Note that the pressures of the streams entering and leaving the HEN are the same, as
it is commonly assumed that the pressure drop of a stream through a heat transfer unit
is negligible. However, the stream temperatures in the middle of the two networks, in
Case (a) and Case (b), are different from either Ts or T t. These stream temperatures are
calculated as follows for each case:

Case (a)—the HEN is positioned before the WEN. As shown in Figure 4a, the inlet

temperatures of each stream in the HEN are known, i.e., Tin,HEN
Hi

= Ts
Hi

and Tin,HEN
Lj

=

Ts
Lj

. In addition, the outlet temperatures and pressures of the WEN are also known, i.e.,

Tout,WEN
Hi

= T t
Hi

, Tout,WEN
Lj

= T t
Lj

, Pout,WEN
Hi

= P t
Hi

, and Pout,WEN
Lj

= P t
Lj

. Between the HEN

and the WEN, Pout,HEN
Hi

= Pin,WEN
Hi

= Ps
Hi

and Pout,HEN
Lj

= Pin,WEN
Lj

= Ps
Lj

, as it is assumed

that there is no pressure drop in any heat transfer unit. The values of Tin,WEN
Hi

(i.e., Tout,HEN
Hi

)

and Tin,WEN
Lj

(i.e., Tout,HEN
Lj

) are unknown and can be calculated based on the given stream

target temperatures (i.e., Tt). These temperatures can be calculated based on each stream’s
target temperatures (Tt) and source and target pressures (Ps and Pt, respectively), which
are also known.

As an example, the i-th stream’s temperature when entering the WEN (Tin,WEN
i ) can

be calculated using the equation below, assuming it is under the polytropic (adiabatic
frictional) condition.

Tin,WEN
i =

Tt
i(

P t
i

Ps
i

) R
CP

(12)

Case (b)—the HEN is positioned after the WEN. As shown in Figure 4b, the only un-
known parameters are the stream temperatures between the WEN and the HEN, which are
Tout,WEN

Hi
(i.e., Tin,HEN

Hi
) and Tout,WEN

Lj
(i.e., Tin,HEN

Lj
). The outlet temperatures of the streams

when leaving the WEN (i.e., Tout,WEN) can be calculated based on the given stream source
temperatures (i.e., T s). As an example, the i-th stream’s temperature when leaving the
WEN (Tout,WEN

i ) can be calculated using the equation below, again assuming a polytropic
(adiabatic frictional) condition.

Tout,WEN
i = Ts

i

(
Pt

H
Ps

H

) R
CP

(13)

The above two formulas are applicable to both high-pressure and low-pressure streams.
After determining the streams’ temperatures in the middle of the two networks in

either Case (a) or Case (b), the HEN design problems are fully defined, as is the WEN
design problem. Figure 5 shows a procedure for selecting the location of the HEN based on
an estimation of energy recovery and TAC.
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Note that in the estimation process, the prediction of the maximum recoverable
mechanical energy by the WEN should be performed using the methodology developed by
Amini-Rankouhi and Huang [24]. Thermal energy recovery alongside external heating and
cooling can be developed by various matured methods, such as mixed-integer nonlinear
programming (MILP)-based methods [27] or Pinch Analysis-based methods [28].
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6. WEN Design Modification after Heat Integration

The synthesized WEN, when connected to the derived HEN, generates a heat-integrated
WEN (i.e., HIWEN) that can recover both mechanical and thermal energies at the lowest
possible cost. Note that there could be further opportunities to recover more mechanical
energy in the integrated network because the temperatures and flowrates of some high-
pressure and low-pressure streams may be adjustable within some small ranges. Thus,
some compressor(s) and expander(s) in the WEN design may be replaceable by additional
WE(s). Therefore, the derived HIWEN needs to be evaluated for an improvement opportu-
nity. The following procedure can be followed to identify such an opportunity for further
improvement of the energy recovery in the system:

Step 1. Identify the compressor on the L stream that consumes the highest external
power in the flowsheet.

Step 2. Identify an expander on an H stream that can provide the mechanical en-
ergy required by the identified compressor. If no expander is left, then identify the next
compressor and repeat Step 2; otherwise, go to Step 4.

Step 3. Check the matching feasibility using the thermodynamic models.
(a) If feasible, then determine the maximum amount of mechanical energy recoverable

by a WE, which is to be used to replace the compressor and the expander. The relevant
streams’ inlet and outlet pressures and temperatures should be calculated. This may result
in a smaller compressor or expander and a heater or cooler to meet the process specifications.
Whether this replacement is acceptable or not depends on the cost estimation. If acceptable,
then modify the process.

(b) If infeasible, then identify another compressor on an L stream that consumes the
next highest external power in the flowsheet and go to Step 2.

Step 4. Stop the process modification. The resultant HIWEN is the final design.
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7. Case Studies

The synthesis methodology introduced in this work has been successfully used to
solve a number of HIWEN design problems. In this section, two of them, selected from
the open literature, are illustrated to show the robustness of the introduced methodology.
For the work transfer units (piston-type WEs, compressors, and expanders), isentropic
(adiabatic) conditions, reversibility, and 100% efficiency are assumed. Stream heat capacities
are assumed to be constant, and pressure drops in heat transfer units (heat exchangers,
heaters, and coolers) are assumed negligible.

7.1. Case 1—HIWEN Synthesis with Detailed Steps

The design problem reported by Razib et al. is selected for study [6]. In their work,
single-shaft-turbine-compressor (SSTC) units are used as work exchangers. In this study,
piston-type direct work exchangers are employed. This problem was analyzed in previous
studies for predicting the maximum recoverable mechanical energy, and thus the prediction
result in that study is adopted [24]. Table 1 lists the stream data for this synthesis problem,
which has three high-pressure streams (H1 to H3) and two low-pressure streams (L1 and L2).

Table 1. Process stream data for Case 1.

Stream No.
Supply

Pressure
(Ps, kPa)

Target Pressure
(Pt, kPa) Flowrate (kg/s)

Source
Temperature

(Ts, K)

Target
Temperature

(Tt, K)

Heat Capacity
(CP, kJ/kg·K)

H1 850 100 3 600 430 1.432

H2 960 160 5 580 300 0.982

H3 800 300 2 960 300 1.046

L1 100 510 3 300 700 1.432

L2 100 850 3 300 600 1.432

To implement the methodology introduced in this work, the WEN and the HEN design
problems should be defined by following the steps listed in Figure 5. For the HEN, ∆Tmin
was defined as 10 K.

Option 1—HEN placed before the WEN. Taking streams H1 and L1 as an example,
Tin,WEN

H1
and Tin,WEN

L1
are evaluated as follows:

Tin,WEN
H1

=
Tt

H1(
Pt

H1
Ps

H1

) R
CP

=
430(

100
850

) 0.35
1.43

= 722.96 K (14)

and

Tin,WEN
L1

=
Tt

L1(
Pt

L1
Ps

L1

) R
CP

=
700(

510
100

) 0.64
1.43

= 337.21 K (15)

where CP is the heat capacity and R is the specific gas constant given by Razib et al. [6].
Figure 6a lists all the pressure and temperature data of the process streams for the

WEN and HEN synthesis problems. As shown, for the HEN problem, there are three hot
streams (H2, H3, and L2) and two cold streams (H1 and L1).

At the same time, a WEN synthesis problem is completely defined, as shown in
Figure 6a. The maximum recoverable mechanical energy of this problem can be predicted
using the methodology by Amini-Rankouhi and Huang [24]. The three high-pressure
streams (H1 to H3) listed in Table 1 and Figure 6a can provide a total of 2,676 kW of
mechanical energy, while the two low-pressure streams (L1 and L2) also in Table 1 and
Figure 6a require a total of 3,132.02 kW. However, the transferable mechanical energy from
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the high-pressure streams to the low-pressure streams is calculated as 1,700.04 kW. This
accounts for 63.5% of the total mechanical energy of the three high-pressure streams and
54.3% of the total mechanical energy required by the two low-pressure streams.
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Figure 6. (a) HEN located before the WEN design and (b) HEN located after the WEN design for Case 1.

For the HEN design problem, the hot streams (H2, H3, and L1) need to remove a total
of 1,623 kW in different temperature ranges, while the cold streams (H1 and L2) require
a total of 688 kW. By the Pinch Analysis method, the pinch point is located at 960 K for
the hot streams and 950 K for the cold streams. This is a simple synthesis problem as all
the streams are below the pinch temperature. The maximum amount of thermal energy
recoverable is found to be 688 kW, and the minimum number of heat transfer units is 5.
Note that a few design alternatives for the HEN design use the Pinch Analysis method.
The one with the lowest TAC is chosen. It is also of note that because all the streams are
below the pinch point, each derived HEN can recover the maximum amount of thermal
energy while also using the minimum number of heat transfer units.

Option 2—HEN placed after the WEN. Taking streams H1 and L1 as an example,
Tout,WEN

H1
and Tout,WEN

L1
are evaluated as follows:

Tout,WEN
Hi

= Ts
Hi

(
Pt

Hi

Ps
Hi

) R
CP

= 600
(

100
850

) 0.35
1.43

= 355.62 K (16)
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and

Tout,WEN
Lj

= Ts
Lj

(
Pt

Lj

Ps
Lj

) R
CP

= 300
(

510
100

) 0.64
1.43

= 622.01 K (17)

Figure 6b lists all the pressure and temperature data of the process streams for the
WEN and HEN synthesis problems. As shown, for the HEN problem, there are also three
hot streams (H2, H3, and L2) and two cold streams (H1 and L1). Note that the temperature
ranges of the streams in Figure 6b are very different from those in Figure 6a.

The WEN synthesis problem is also completely defined, as shown in Figure 6b. The
maximum recoverable mechanical energy of this problem design can also be predicted using
the methodology by Amini-Rankouhi and Huang [24]. The three high-pressure streams
(H1 to H3) listed in Table 1 and Figure 6b can provide 2,771 kW of mechanical energy,
and the two low-pressure streams (L1 and L2) require 3,406 kW. However, the transferable
mechanical energy from the high-pressure streams to the low-pressure streams is calculated
as 1,777.97 kW. This accounts for 64.15% of the total mechanical energy of the high-pressure
streams and 52.2% of the total mechanical energy required by the low-pressure streams.

For the HEN design problem, the hot streams (H2, H3, and L2) need to remove a total
of 1,759.84 kW in different temperature ranges, while the cold streams (H1 and L1) require
a total of 646.25 kW. By the Pinch Analysis method, the pinch point is identified as 770.09 K
for the hot streams and 760.09 K for the cold streams. This makes the design simple, as all
the streams are below the pinch point.

The results of both options are summarized in Table 2. If comparing the operating
costs of the two designs, the HEN should be placed before the WEN. These two networks
can be designed separately.

Table 2. Energy recovery and operating cost comparison of the HIWENs with a HEN placed before
or after a WEN for Case 1.

Parameter
Placement of the HEN

Before WEN After WEN

Mech. energy recovery by WEs (kW) 1,700.04 1,777.97

External compression power (kW) 1,431.98 1,628.13

External expansion power (kW) 976.04 993.13

Thermal energy recovery by HEs (kW) 688.07 645.95

External cooling (kW) 934.54 1,113.14

Operating cost (k$/year) 1,382 1,572

Celec = 0.12 $/kWh; Csteam = 0.035 $/kWh; CCW = 0.001 kWh; Operational time = 8000 h/yr

WEN flowsheet development. The process stream data are provided in Table 1 and
Figure 6a. The following matrices are calculated using the prediction methodology by
Amini-Rankouhi and Huang, which is shown in Figure 1 [24]. For this design problem
involving three high-pressure streams (H1 to H3) and two low-pressure streams (L1 and L2),

matrix
¯
P contains the identified pressure intervals between all of the pairs of high-pressure

and low-pressure streams, which are as follows:

P =

[170, 230] [170, 230]
[230, 510] [230, 850]
[0, 0] [0, 0]

 (18)
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Vector WH contains the mechanical energy that can be provided by each of the three
high-pressure streams; it is obtained as follows:

WH =

1, 258.55
1, 252.67
164.86

 (19)

Vector WL lists the required mechanical energy of each of the two low-pressure streams;
it is calculated as follows:

WL =

(
1, 558.56
1, 573.46

)
(20)

Matrix Wβ contains information about the transferrable mechanical energy between
each pair of high-pressure and low-pressure streams. It is derived as follows:

Wβ =

266.69 180.68
902.83 1, 128.36

0 0

 (21)

Vector Wγ includes the data that show whether each individual high-pressure stream
can provide mechanical energy to the low-pressure streams. It is calculated as follows:

Wγ =

 811.18
−778.52
164.86

 (22)

Determination of the placement of work exchangers (WEs). WEs are to be placed by
identifying pairs of streams for matching. Matrix WW shown below is designed to contain
all the stream matching information.

WW =

WWH1,L1
WWH1,L2

WWH2,L1
WWH2,L2

WWH3,L1
WWH3,L2

 (23)

The six elements in the matrix are derived as follows:
Since Wγ1 is a positive value (811.18 kW), the two elements related to high-pressure

stream H1 can be readily obtained as follows:

WWH1,L1
= WβH1,L1

= 266.69 kW (24)

WWH1,L2
= WβH1,L2

= 180.68 kW (25)

Corresponding to stream H2, Wγ2 has a negative value (−778.52 kW), but its absolute
value is smaller than WβH2,L1

(902.83 kW). Thus, we have the following:

WWH2,L1
= WβH2,L1

= 902.83 kW (26)

As for WWH2,L2
, since Wγ2 has a negative value (−778.52 kW) and its absolute value is

less than WβH2,L2
(1128.36 kW), we have the following:

WWH2,L2
= WβH2,L2 − |Wγ2 | = 1128.36 − 778.52 = 349.84 kW (27)

Since Wγ3 is a positive value (164.86 kW), we have the following:

WWH3,L1
= WβH3,L1

= 0 kW (28)
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and
WWH3,L2

= WβH3,L2
= 0 kW (29)

Thus, matrix WW can be obtained as follows:

WW =

266.69 180.68
902.83 349.86

0 0

 (30)

As shown, four WEs need to be placed, and the workload of each exchanger is listed
in the matrix.

Determination of the pressure intervals of the WEs placed. From the operational
stability point of view, if two or more WEs are used to transfer mechanical energy from
a high-pressure stream, it is better to split the high-pressure stream so that the WEs are
operated in parallel. This strategy is used here to split both streams H1 and H2 that are to
be matched with streams L1 and L2. The pressure intervals of the low-pressure streams are
contained in matrix PM as follows:

¯
PM =

PMH1,L1
PMH1,L2

PMH2,L1
PMH2,L2

PMH3,L1
PMH3,L2

 (31)

The derivations of PMH1,L1
and PMH2,L2

are shown below.

Calculation of PMH1,L1
. This interval is derived from PH1,L1 . According to Equation (4),

the upper bounds of both intervals are the same, i.e.,

Pb
MH1, L1

= Pb
H1, L1

= 230 kPa (32)

The lower bound is calculated as follows:

Pa
MH1, L1

= Pb
MH1, L1

1 −
WWH1,L1

(
Pt

L1

) R
CPL1

FL1 CPL1
Tt

L1

(
Pb

MH1, L1

) R
CPL1


(

CPL1
R )

= 170 kPa (33)

Thus,
PMH1,L1

=
[

Pb
MH1,L1

, Pa
MH1,L1

]
= [170, 230] (34)

Calculation of PMH2,L2
. This interval is derived from PH2,L2 . According to Equation (4),

the upper bounds of both intervals are the same, i.e.,

Pb
MH2, L2

= Pb
H2, L2

= 850 kPa (35)

The lower bound is calculated in the same way as Equation (33).

Pa
MH2, L2

= Pb
MH2, L2

1 −
WWH2,L2

(
Pt

L2

) R
CPL2

FL2 CPL2
Tt

L2

(
Pb

MH2, L2

) R
CPL2


(

CPL2
R )

= 610.40 kPa (36)

Therefore,
PMH1,L1

= [610.40, 850] (37)
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The other four elements in matrix PM can be calculated using the same approach. The
complete matrix is as follows:

¯
PM =

[170, 230] [170, 230]
[230, 510] [610.40, 850]
[0, 0] [0, 0]

 (38)

Placement of the compressors. The amount of mechanical energy transferred from
high-pressure streams H1 and H2 is insufficient for the low-pressure streams L1 and L2 to
be pressurized to their target pressures. Thus, compressors are needed, which require the
determination of the number of compressors, their powers, and placement locations. This
task can be accomplished below.

Using Equations (6) and (7) and the data in Equations (23) and (32), vector WCa is
obtained as follows:

WCa =

(
WCa1
WCa2

)
=

(
(266.69 − 266.69) + (902.83 − 902.83)
(180.18 − 180.68) + (1, 128.36 − 349.86)

)
=

(
0

778.52

)
(39)

As shown above, one compressor, named C1, should be placed to pressurize stream L2
in the pressure range of [230, 610.40], and the power is 778.52 kW. This pressure interval is
found by comparing the pressure intervals from the second columns and the second rows

of matrices
¯
P in Equation (18) and PM in Equation (38).

Matrix WCb is derived below using Equations (8) and (9) and the data in Equations (20)
and (21).

WCb =

(
WCb1
WCb2

)
=

(
1558.57 − (266.69 + 902.83)

1573.46 − (180.68 + 1, 128.36)

)
=

(
389.04
264.42

)
(40)

After comparing the pressure intervals in matrix
¯
P in Equation (18) with the source and

target pressures of each low-pressure stream from Table 1, it is determined that two com-
pressors, named C2 and C3, should be placed. C2 is used to pressurize L1 in the pressure
interval of [100, 170] with a workload of 389.04 kW, and C3 is used for L2 with a workload
of 264.42 kW in the pressure interval of [100, 170].

Placement of the expanders. Note that the mechanical energy possessed by high-
pressure stream H3 cannot be used to pressurize any low-pressure stream at this stage.
Vector WE is derived below using Equations (10) and (11) and the data in Equation (22).

WE =

WE1

WE2

WE3

 =

811.18
0

164.86

 (41)

As shown, two expanders, named E1 and E2, are needed. E1 is for H1 with a workload
of 811.18 kW in the pressure interval of [100, 850], and E2 is for H3 with a workload of
164.86 kW in the pressure interval of [300, 800].

Summary of the placement of the work transfer units and the process flowsheet.
Table 3 summarizes the information derived above, which includes four work exchangers
(W1 to W4), three compressors (C1 to C3), two expanders (E1 and E2), and the pressure
intervals of the streams and their workloads. Figure 7a gives the derived flowsheet of
the WEN.
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Table 3. Placement of work transfer units in the WEN for Case 1.

Work Transfer Units and Symbols Stream(s) Pressure Interval
of the H Stream

Pressure Interval
of the L Stream Workload (kW)

Work Exchanger

W1 H1/L1 [850, 100] [170, 230] 266.69

W2 H1/L2 [850, 100] [170, 230] 180.68

W3 H2/L1 [960, 160] [230, 510] 902.93

W4 H2/L2 [960, 160] [610, 850] 1,128.36

Compressor

C1 L2 [230, 610] 778.52

C2 L1 [170, 230] 389.04

C3 L2 [170, 230] 264.42

Expander
E1 H1 [100, 850] 811.18

E2 H3 [300, 800] 164.86

Processes 2024, 12, x FOR PEER REVIEW 20 of 30

Expander
E1 H1 [100, 850] 811.18
E2 H3 [300, 800] 164.86

(a)

(b)

[850]

[960]
[160]

[100]

[510]

[850]

[100]

[100]

(349.84)

[300][800]

[170][610]
(266.69)

(164.86)

(902.83)

(264.42)

(389.04)

(811.18)

1H

2H

3H

1L

2L

W2

W2

W1

W1

E1

C1

E2

C2

C3

{600}

{580}

{960}

{700}

{600}

{430}

{300}

{300}

{300}

{300}

W4

W3

W3

W4

{555}

{379}

{337}

{234}{295}
(778.52) (180.68)

[230]
{490}

[230]
{337}

CS1

HS1

HS2

HS3

CS2

{723}

{518}

[170]
{428}

Figure 7. Cont.



Processes 2024, 12, 2293 19 of 27
Processes 2024, 12, x FOR PEER REVIEW 21 of 30

(c)

Figure 7. Flowsheet of the heat-integrated work exchange network for Case 1: (a) the WEN, (b) the 
HEN, and (c) the HIWEN.

HEN design. It has been decided that the HEN is to be placed before the WEN. Figure 
6a has listed the inlet and outlet temperatures of the three hot and two cold streams. These 
streams are marked in Figure 7a as well. They are hot streams named HS1, HS2, and HS3, 
which are the first part of high-pressure streams H2 and H3 and low-pressure stream L2, 
respectively, and cold streams named CS1 and CS2, which are the first part of high-pres-
sure stream H1 and low-pressure stream L1, respectively. This is a simple synthesis prob-
lem, as all of the streams are below the pinch point. By using the Pinch Analysis method, 
an optimal flowsheet is obtained, which is shown in Figure 7b, where two heat exchangers 
(HE1 and HE2) and three coolers (CL1 to CL3) are employed to recover the maximum 
amount of thermal energy of 646.25 kW.

Design improvement. The HEN in Figure 7b should be integrated into the WEN in 
Figure 7a to generate a HIWEN. The design should be evaluated using the four-step 
method in Section 5 for possible design improvement. By executing Step 1, compressor C1 

on stream L2 is identified. As shown in vector 
aC

W , the workload of the compressor is 

778.52 kW in the pressure interval of [230, 610]. In Step 2, expander E1 on a branch of 
stream H1 is selected, which has a workload of 811.18 kW in the pressure interval of [850, 
100]. In Step 3, it is confirmed that the mechanical energy of H1 is 778.52 kW and can be 
used to pressurize L2 by adding exchanger W5. In this way, compressor C1 is no longer 
needed, and expander E1 can be much smaller as the workload is reduced from 811.18 kW 
to 32.66 kW. With this design modification, the total mechanical energy recovery is 

Figure 7. Flowsheet of the heat-integrated work exchange network for Case 1: (a) the WEN, (b) the
HEN, and (c) the HIWEN.

HEN design. It has been decided that the HEN is to be placed before the WEN.
Figure 6a has listed the inlet and outlet temperatures of the three hot and two cold streams.
These streams are marked in Figure 7a as well. They are hot streams named HS1, HS2,
and HS3, which are the first part of high-pressure streams H2 and H3 and low-pressure
stream L2, respectively, and cold streams named CS1 and CS2, which are the first part
of high-pressure stream H1 and low-pressure stream L1, respectively. This is a simple
synthesis problem, as all of the streams are below the pinch point. By using the Pinch
Analysis method, an optimal flowsheet is obtained, which is shown in Figure 7b, where
two heat exchangers (HE1 and HE2) and three coolers (CL1 to CL3) are employed to recover
the maximum amount of thermal energy of 646.25 kW.

Design improvement. The HEN in Figure 7b should be integrated into the WEN
in Figure 7a to generate a HIWEN. The design should be evaluated using the four-step
method in Section 5 for possible design improvement. By executing Step 1, compressor
C1 on stream L2 is identified. As shown in vector WCa , the workload of the compressor is
778.52 kW in the pressure interval of [230, 610]. In Step 2, expander E1 on a branch of stream
H1 is selected, which has a workload of 811.18 kW in the pressure interval of [850, 100]. In
Step 3, it is confirmed that the mechanical energy of H1 is 778.52 kW and can be used to
pressurize L2 by adding exchanger W5. In this way, compressor C1 is no longer needed,
and expander E1 can be much smaller as the workload is reduced from 811.18 kW to
32.66 kW. With this design modification, the total mechanical energy recovery is improved
by 45.8% (from 1,700 kW to 2,479 kW), and the external compression and expansion utility
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requirements are decreased, respectively, by 54% (from 1,432 kW to 653 kW) and 83%
(976.04 kW to 164.86 kW). The TAC is also decreased from $2,964,000 to $2,097,000. In
particular, the operating cost decreased by more than 52% from $1,382,000 to $657,000. A
complete HIWEN flowsheet is shown in Figure 7c.

This HIWEN design was compared to the design by Razib et al. [6] and can be seen in
Table 4. It is of note that the TAC reported in this study for the design made by Razib et al.
is different from their report. This is because the method and assumptions for calculating
the operating cost were changed to those used by the authors of this study in the interest
of consistency. However, the capital cost calculations were not changed. Assumptions for
capital cost can be found in Razib et al. [6]. As is shown in Table 4, the design by Razib et al.
has a slightly lower capital cost, but the operating cost for the design proposed in this study
is significantly less. In fact, the TAC decreased by more than 42% when compared to that of
the optimal design proposed by Razib et al., showing clearly the efficacy of this design and
the significant improvements it can make on proposed designs from the literature.

Table 4. Performance comparison of HIWENs to different methods for Case 1.

Design This Work Razib et al. [6]

Mech. energy exchange (kW) 2,479 1,573

Thermal energy exchange (kW) 688 -

Compression utility (kW) 653 875

Expansion utility (kW) 198 1,415

Heating utility (kW) 80 688

Cooling utility (kW) 935 1,619

No. of WEs 5 piston-type
(3 Vessel) WEs 4 SSTC compressors plus 3 SSTC turbines

No. of HEs 2 -

No. of HT and CL 4 11

No. of compressors 2 2

No. of expanders/valves 2 2

CAPEX (k$/yr) 1,440 1,253

OPEX (k$/yr) 657 2,404

TAC (k$/yr) 2,097 3,657

7.2. Case 2—HIWEN Synthesis with Comprehensive Cost Comparison

The design problem studied by Onishi et al. [7] and Huang and Karimi [8] is selected
for this case study, which makes a comprehensive cost comparison possible due to the data
available in those studies. Both studies used single-shaft-turbine-compressor (SSTC) units,
and the designs were obtained using mathematical programming techniques to achieve the
lowest possible TAC. The data for the synthesis problem are summarized in Table 5.

Table 5. Process stream data for Case 2.

Stream No. Source Pressure
(Ps, kPa)

Target Pressure
(Pt, kPa) Flowrate (kg/s)

Source
Temperature

(Ts, K)

Target
Temperature

(Tt, K)

Heat Capacity
(CP, kJ/kg·K)

H1 900 100 15 350 350 2.454

H2 850 150 15 350 350 0.982

H3 700 200 15 400 400 1.432

L1 100 700 18 390 390 1.432

L2 100 900 15 420 420 2.454
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HIWEN design. The same synthesis methodology used in Case 1 is used here. The
network development steps are exactly followed. Thus, the calculation details are omitted
here. Figure 8 shows two design options: (a) a HEN before the WEN and (b) a HEN after
the WEN.
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Figure 8. (a) HEN located before the WEN design and (b) HEN located after the WEN design
for Case 2.

A more detailed study of their energy recovery capabilities and annual operating costs
is listed in Table 6.

Table 6. Energy recovery and operation cost comparison based on the HEN location for Case 2.

Statistic
Placement of the HEN

Before WEN After WEN

Mech. Energy Recovery by WEs (kW) 8,846.94 6,006.59

External Compressor Energy (kW) 2,648.29 14,972.56

External Expander Energy (kW) 9,410.97 4,599.90

Thermal Energy Recovery by HEs (kW) 2,908.20 10,606.54

External Heater Energy (kW) 15,349.71 -

External Cooler Energy (kW) 8,587.03 10,372.76

OPEX (k$/year) 6,909 14,457

Celec = 0.12 $/kWh; Csteam = 0.035 $/kWh; CCW = 0.001 kWh; Operational time = 8000 h/yr



Processes 2024, 12, 2293 22 of 27

It is shown that the HIWEN design where a HEN is placed before the WEN would
cost 6,909 k$/yr, which is 48.4% of the cost for the HIWEN with a HEN placed after the
WEN (14,457 k$/yr). Note that the total number of work transfer units (5) and heat transfer
units (7) for the designs are estimated to be the same, and the annualized capital costs
are also very close. Thus, a HIWEN is synthesized with a HEN placed before the WEN.
Figure 9a,b depict, respectively, the flowsheets of the WEN and the HEN. A final design of
the HIWEN is obtained by combining the WEN and the HEN, which is shown in Figure 9c.

Cost comparison with known designs. The TAC, including the annualized capital
cost (CAPEX) and the operating cost (OPEX), is used to compare the design in Figure 9c
with the designs by Onishi et al. [7] and Huang and Karimi [8]. To ensure a fair comparison,
the same assumptions are used in cost calculation, such as formulation, equipment cost
coefficient, fixed cost, and utility cost. Their studies used SSTC units for mechanical energy
recovery. The capital cost of external expanders (CAPEXE) is computed as follows:

CAPEXE = FCU
E + FCE(F) (42)

where FCU
E is the external expander fixed cost and is assumed to be 200 k$/year; FCE is

the cost coefficient and is equal to 1 k$/year; and F is the flowrate of stream flows through
the expander. The capital cost of external compressors (CAPEXC) is computed using the
following formula:
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CAPEXC = FCU
C + FCC(F) (43)

where FCU
C is the external compressor fixed cost and is assumed to be 250 k$/year; FCC is

the cost coefficient and is equal to 1 k$/year; and F is the flowrate of stream flows through
the compressor. The capital costs of heat exchangers, heaters, and coolers (CAPEXHE) are
computed as follows:

CAPEXHE = FCH + C(A)δ (44)

where FCH is the heat exchanger fixed cost and is assumed to be 3 k$/year; C is the cost
coefficient and is equal to 0.03 k$/year; A is the heat exchanger area; and δ is the exponent
for the area cost of the HE and is equal to 1.

The capital cost of the work exchanger (CAPEXWE) is computed as follows:

CAPEXWE = αSβ (45)

where S is the volume of one vessel and cost parameters assuming stainless steel, the
pressure tolerance of 1034 MPa for a vessel and 5 MPa for valves are 995.78 and 0.36 for α
and β, respectively. Amini-Rankouhi and Huang provide a chart for the cost estimation of
a WE based on the volume of the displacement vessel made of stainless steel, working in
different conditions with a maximum pressure tolerance of the vessels and valves [10].

The operating cost is estimated using the following formula:

OPEX = Celec

(
NL

∑
j=1

(
WC1j

+ WC2j

))
+ Csteam

(
NHT

∑
i=1

Qm

)
+ CCW

(
NCL

∑
i=1

Qn

)
(46)
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where Celec is the cost of electricity ($/kWh); Csteam is the cost of steam used as a heating
utility ($/kWh); CCW is the cost of cooling water used as a cooling utility; Qm and Qn
represent the heat duty of the heating and cooling utilities, respectively; NHT is the total
number of heaters; and NCL is the total number of coolers.

The utility cost is listed in Table 6. The cost estimation of all of the units for Case 2
shown in Figure 9c is summarized in Table 7, which gives a TAC of $9,666,994.

Table 7. CAPEX and OPEX of units in Case 2.

Process Units Size Factor CAPEX ($/Year) OPEX ($/Year)

Heat exchanger
HE1 A = 9570 m2 290,118 -

HE2 A = 952 m2 31,554 -

Heater

HT1 A = 734 m2 118,226 2,480,904

HT2 A = 182 m2 76,816 781,654

HT3 A = 245 m2 25,021 1,035,364

Cooler
CL1 A = 3841 m2 8469 38,522

CL2 A = 2461 m2 10,351 30,174

Compressor

C1 F = 25.77 kW/k 275,776 906,058

C2 F = 36.81 kW/k 286,810 339,408

C3 F = 36.81 kW/k 286,810 1,296,893

Expander

E1 F = 7.87 kW/k 207,871 -

E2 F = 14.73 kW/k 214,730 -

E3 F = 21.48 kW/k 221,480 -

Work exchanger
W1 S = 20 L (10 vessels) 351,993 -

W2 S = 20 L (10 vessels) 351,993 -

Total 2,758,018 6,908,976

Table 8 provides a detailed design comparison of this HIWEN system with those
by Onishi et al. [7] and Huang and Karimi [8], whose TACs are, respectively, 5.67% and
8.64% higher.

Table 8. Performance comparison of HIWENs to different methods for Case 2.

Design This Work Onishi et al. [7] Huang and Karimi [8]

Mech. energy exchange (kW) 8,847 10,474 11,579

Thermal energy exchange (kW) 2,908 8,794 15,920

Compression utility (kW) 2,648 8,840 7,734

Expansion utility (kW) 9,411 - -

Heating utility (kW) 15,349 1,680 5,276

Cooling utility (kW) 8,587 10,520 13,010

No. of WEs 2 piston-type WEs 3 SSTC compressors plus
3 SSTC turbines

3 SSTC compressors plus
3 SSTC turbines

No. of HEs 2 8 6

No. of HT and CL 5 5 9

No. of compressors 3 2 1

No. of expanders/valves 3 1 -

CAPEX (k$/yr) 2,758 - 1,180

OPEX (k$/yr) 6,909 - 9,006

TAC (k$/yr) 9,667 10,502 10,187
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For the capital cost estimation of the piston-type WEs in our design, the cost formula
by Amini-Rankouhi and Huang is used [10].

In general, the design in Figure 9c is less complicated and easier to implement than the
known designs. Note that due to pressure and temperature correlations, the assumptions
made regarding the heat integration made an impact on the total amount of energy that
can be provided by the high-pressure streams for pressurizing low-pressure streams. In
this case, the total mechanical energy recovery is not necessarily the best parameter for
comparison. The capital cost for our design is higher than the design by Huang and Karimi;
this can be explained as the result of more compressors and expanders, in addition to the
cost of work exchangers [8]. The operating cost of our design is significantly lower than the
design by Huang and Karimi because of lower utility consumption [8].

8. Concluding Remarks

In this paper, a thermodynamic-model-based synthesis methodology for designing
cost-effective heat-integrated work exchanger networks (HIWENs) that can recover signifi-
cant amounts of mechanical and thermal energies was introduced. Using this methodology,
the maximum amount of mechanical energy recoverable by piston-type work exchangers
estimated by the methodology by Amini-Rankouhi and Huang can be fully implemented
into the network design, and heat integration can ensure that all the process stream spec-
ifications regarding temperature can be achieved [24]. The synthesis methodology is
systematic and general. The two case studies have demonstrated methodological efficacy.
Each of these studies created simple HIWEN designs, which lowered the TAC compared to
previous works. The first study decreased the TAC by 42% due to the addition of a HEN
and a decrease in compression utility. The second case study, while having only a slightly
lower TAC than previous studies, significantly improved the operating costs, lowering
them very significantly.

Future work will be in two directions. First, the current method for WEN design
modification after heat integration is basically an exhaustive search approach for design
modification. In fact, the authors of this study are fully aware that even after the implemen-
tation of the design modification to produce the final HIWEN, the approach used in this
study does not guarantee the global optimality of the solution. The simultaneous synthesis
of a hybrid network containing work transfer units (work exchangers, compressors, and
expanders) and heat transfer units (heat exchangers, heaters, and coolers) would produce
better results for the TAC than the current approach, especially when the minimum TAC
is targeted. However, such a derived hybrid network may be more difficult to control,
especially as the controls of the intermediate and final target pressures and temperatures of
each stream have close interaction. The current approach is more straightforward, and the
resultant networks are relatively easier to control. Thus, the authors of this study intend to
develop a simultaneous synthesis approach that minimizes the TAC. Second, the current
methodology will be applied to a number of real-world problems, such as ammonia manu-
facturing, hydrogen manufacturing, and LNG production in the gas processing industry.
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Nomenclature
NH the number of high-pressure streams
NL the number of low-pressure streams
¯
P

the matrix containing all of the identified pressure intervals between all of the pairs of
high-pressure and low-pressure streams

Ps
Hi

the source pressure of the high-pressure stream
Pt

Hi
the target pressure of the high-pressure stream

Ps
Lj

the source pressure of the low-pressure stream

Pt
Lj

the target pressure of the low-pressure stream

PM the matrix containing the pressure intervals of the work exchangers
Pa

MHi , Lj
the lower bound of the pressure exchange interval for the low-pressure stream

Pb
MHi , Lj

the upper bound of the pressure exchange interval for the low-pressure stream

Ps the vector of the streams’ source pressures
P t the vector of the streams’ target pressures
Tin,WEN the vector of the streams’ inlet temperatures of a work exchanger network
Tout,WEN the vector of the streams’ outlet temperatures of a work exchanger network
Ts the vector of the streams’ source temperatures
T t the vector of the streams’ target temperatures
WC the vector containing the compression needed from external sources
WE the vector containing the expansion needed from external sources
WH the vector of the mechanical energy that can be provided by high-pressure streams
WL the vector of the mechanical energy required by low-pressure streams
Wtot

R the maximum amount of recoverable mechanical energy
WW the matrix containing the workloads of the work exchangers
Wβ the matrix storing all of the calculated energy transfer data

Wγ
the vector containing information about whether each individual high-pressure stream
can provide sufficient mechanical energy to low-pressure streams

∆Pmin the minimum driving pressure differential
∆Tmin the minimum driving temperature differential
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