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Abstract: Optimal steam process drive sizing is crucial for efficient and sustainable operation of
energy-intense industries. Recent years have brought several methods assessing this problem,
which differ in complexity and user-friendliness. In this paper, a novel complex method was
developed and presented and its superiority over other approaches was documented on an industrial
case study. Both the process-side and steam-side characteristics were analyzed to obtain correct
model input data: Driven equipment performance and efficiency maps were considered, off-design
and seasonal operation was studied, and steam network topology was included. Operational data
processing and sizing calculations were performed in a linked MATLAB®–Aspen Plus® environment,
exploiting the strong sides of both software tools. The case study aimed to replace a condensing steam
turbine by a backpressure one, revealing that: 1. Simpler methods neglecting frictional pressure losses
and off-design turbine operation efficiency loss undersized the drive and led to unacceptable loss
of deliverable power to the process; 2. the associated process production loss amounted up to 20%;
3. existing bottlenecks in refinery steam pipelines operation were removed; however, new ones were
created; and 4. the effect on the marginal steam source operation may vary seasonally. These findings
accentuate the value and viability of the presented method.

Keywords: process steam drive; software linking; heat pump; propane–propylene separation;
steam network; pressure and heat losses; energy efficiency

1. Introduction

Cogeneration and polygeneration systems are an essential part of industrial production of
materials and energies, consuming or generating heat, electricity, mechanical, and chemical energy [1,2].
Ambitious efforts of national and European institutions to reduce greenhouse gases emissions and to
ensure sustainable industrial production [3–9] at the same time cannot be successfully met without
increasing material and energy efficiency of the industry [10–13] by simultaneous energy, economic,
environmental, and risk and safety optimization [14–16] of existing industrial cogeneration and
polygeneration systems [17,18].

Efficient steam production, and its transport and use for both process heating and polygeneration
purposes, has been targeted on various complexity levels in numerous recent studies [19–38]. Starting with
techno-economic studies optimizing the efficiency of a single equipment unit [24,27,30,34,35],
through steam consumption optimization in a single production unit [25,32,38,39], and cogeneration
potential exploitation [19,33,36,40,41] to total site heat and power integration [20–23,28,33,37,42],
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the goal is always to reduce operational expenses, improve steam system stability, and decrease fuel
consumption in industrial plants. Steam system topology and the impact of pressure and heat losses
from steam pipelines on optimal cogeneration system sizing and operation has been addressed in
several papers [22,37,43–45], but most studies consider neither off-design operation of steam turbines
nor variable steam pressure levels as important aspects in the optimization procedure. A systematic
method comprising characteristics of a real steam system operation [35,46] (variable pipeline loads,
steam pressures, and temperatures) as well as real process steam/work demands has the potential to fill
the knowledge and experience the gap between the modeling approach in utility systems’ optimization
and real steam system operation.

Process steam drives are important steam consumers in heavy industry [20,31,34] and play
a significant role in the design and operation of complex steam networks. The most common
driven equipment includes compressors, pumps, and fans (blowers) [34,38,47]. The steam turbines
used can be of simple condensing, backpressure, or of a combined extraction condensing type [36].
Steam consumption is influenced by several factors that include the actual steam inlet parameters,
steam discharge pressure, actual turbine revolutions, as well as the shaft work needed, which varies
according to the process requirements. Process compressors driven by steam turbines are standard
equipment of ethylene production and gas processing and fractionation plants [38,47], and they
are also frequently used in compression heat pump-assisted distillations [48–51]. Thus, they are
deeply integrated in the process. The shaft work needed depends on several process parameters,
including (but not limited to) the distillation feed amount and composition, desired product quality,
and column and compressor design parameters. This highlights the pressing need to develop a robust
method for process steam drive sizing which would incorporate not only the real steam-side condition
variations but also the process-side shaft work variations. Improper sizing results either in limited
shaft work delivery (undersizing), causing possible process throughput limitations, or inefficient steam
use (oversizing). Moreover, the steam drive design and operation have to be optimized with respect to
the whole steam system, always taking into account the marginal steam source, its seasonal operation
variations [52], and the possible steam pipeline capacity constraints [26,43].

Given all the prerequisites, it is only natural that examination and precise evaluation of such
complex process parameters poses a challenge which can hardly be faced successfully without
employing robust simulation environment. For almost two decades, researchers have strived to
combine the colossal computing capacity of the Aspen Plus® simulation engine with the exceptional
data-processing capabilities of the MATLAB® software [53,54]. Several papers have been published,
mostly focusing on multi-objective optimization [55–59] or automation problems solution [60,61].
Unfortunately, only scarce details regarding the chosen approach can be found. Hence, the perspective
to close this gap in knowledge remains particularly attractive.

The contribution of this paper to the field of knowledge is twofold:

• First, it presents a robust method for optimal process drive sizing and integration considering all
relevant factors affecting the design, while the method is suitable for operational optimization
as well;

• Second, both the process-side and steam-side are modeled using Aspen Plus® and MATLAB®

linking, which is a novel and promising approach for complex systems’ operation analysis and
optimization purposes.

Table 1 provides a comparison of the key parameters and characteristics of relevant recently
published methods with the proposed method, all of them aiming at: 1. Maximization of the
cogeneration potential exploitation; 2. optimal process steam drive sizing; and 3. optimal steam vs.
electrodrive use. As is seen in Table 1, the relevant methods are focused mostly on steam-side modeling
and optimization, while the proposed method presents a coupled steam- and process-side modeling
approach. Moreover, several of the relevant methods do not incorporate such important aspects as
the varying inlet steam parameters or shaft work requirements and implement fix turbine and driven
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equipment efficiencies instead of considering their variations in the real operation. As documented
on an industrial case study, failure to implement the real operational parameters of a system leads to
steam drive undersizing and, consequently, to limited process throughput.

The effect is that the more pronounced, the farther the process drive is located from the main steam
pipeline. Further findings from the industrial case study include the fact that the incorporation of a
steam drive into an existing steam network can significantly affect its balance (and, thus, its operation)
and thus create a new operation bottleneck, or remedy its existing ones. Furthermore, the marginal
steam source operation mode is also affected, which has to be considered when evaluating the economic
feasibility of such an investment proposal.

Paper organization is as follows: Part 2 presents the proposed complex steam drive sizing
method and is subdivided into process-side and steam-side model subparts. Following that, part 3
introduces an industrial case study with the description of the existing system layout, proposed change,
available process data, and their processing, including initial analyses and their results serving as
additional model input parameters. Part 4 presents the calculation results, including a comparison of
the presented steam drive sizing method with several others (included in Table 1), and evaluating the
economic feasibility of the proposed system change. Discussion is followed by a concise conclusion
part summing up the novelty and significance of the presented method and the key findings extracted
from the industrial case study results.



Processes 2020, 8, 1495 4 of 42

Table 1. Comparison of key parameters of the proposed method with recently published papers. Legend: BE = balance equations, Calc. = calculated, N/A = not
applicable, NP = not provided, Reg. = calculated based on statistic regression, SA = sensitivity analysis, SS = saturated steam, WS = wet steam.

Parameter/Feature
Method

Wu et al. [36] Ng et al. [31] Frate et al. [24] Marton et al. 2017 [29] Sun et al. 2016 [34] Bütün et al. [43] Mrzljak et al. [30] Tian et al. [35] Proposed
Method

Inlet steam temperature
& pressure Fixed Fixed SS; SA NP SA Fixed Varying;

process data SS; SA Varying;
process data

Discharge steam
pressure Fixed Fixed SA NP NP Fixed Varying;

process data SA Varying;
process data

Discharge steam
temperature Fixed Fixed WS NP NP Fixed WS WS Calc.; polytropic

expansion

Frictional pressure
losses
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2. Process Drive Sizing Method

2.1. Equipment Operation Assessment and Modeling

2.1.1. Heat Pump-Assisted C3 Fraction Splitting

Heat pump-assisted distillation is a good example of incorporating a steam drive into an industrial
process; thus, it was chosen for illustration. In such systems, overhead distillate vapors from a
separation column are compressed and subsequently condensed in the column reboiler [51,62]. For this
type of heat pump to be applicable, the separated components have to be of similar boiling points [63].
However, this leads to a relatively low driving force in the reboiler; thus, to deliver the required power
input, the vapor throughput needs to be sufficiently high. Hence, stable operation of the heat pump
compressor is of the uttermost importance. Amongst the compressor drives, steam drives (turbines)
are the most usual. These are normally shaft-bound with the compressor and, therefore, their correct
sizing is just as important as that of the compressor itself. In the case of steam turbines, however,
the whole sizing process is more complicated as steam quality fluctuations and overall steam network
properties have to be considered.

A typical arrangement of a heat pump-assisted distillation is provided in Figure 1. Here, a propane–
propylene mixture is split into separate components of high purity (>99.6% vol.). The energy necessary
for the separation is provided by a condensing steam turbine.Processes 2020, 8, x FOR PEER REVIEW 6 of 46 
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To design (size) a process drive correctly, the process itself must be understood thoroughly.
This encompasses not only the physical structure of the system but also the physicochemical and
mechanical non-idealities and, most importantly, over-time variations in feedstock quality and mass
flow [64]. To provide the most authentic results, the model was constructed as follows:
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• Due to simplicity of the mixture being distilled, an equilibrium model using Murphree tray
efficiency was chosen;

• To account for the vapor phase non-ideality, the Peng–Robinson equation of state [65] was applied,
as it yielded the best results compared to the measured data [66];

• Because the operating temperature of the column (25–35 ◦C) was similar to ambient temperature,
heat loss from the system was neglected;

• Technical details regarding the number of column trays and the position of the feed stage;
exchanger areas, overall heat transfer coefficients, and logarithmic mean temperature differences;
and compressor and condensing turbine characteristics were taken from technical documentation
provided by the manufacturer.

The model briefly described above was, due to its complexity, constructed in the simulation
environment of the Aspen Plus® software which provided fast-to-obtain and reliable results.
Yadav et al. [67] provided a comprehensive tutorial on utilizing Aspen Plus® potential in distillation
column operation simulation. For the separation column, the RadFrac model was chosen, which stands
as a universal rigorous model for multi-stage component separation. Each of the three heat exchangers
was modeled using a short-cut method (HeatX model) which proved satisfactory for the cause.
Both the compressor and the turbine were modeled using the Compr model [68,69], though individual
approaches differed significantly.

2.1.2. Compressor Operation

In general, there is a variety of approaches regarding compressor modeling—from the simplest
calculations (e.g., polytropic work calculation with constant parameters and efficiencies) to the most
complex ones (comprising efficiency and power maps, and shaft speed calculations) [70,71]. As shown
later, the calculation should be carried out in the most precise way possible whenever the data is
accessible as, for instance, compressor shaft revolutions affect the turbine efficiency drastically. Hence,
performance and efficiency curves were included in the model via the Aspen Plus® interface. As a
result, the model considered the mass flow through the compressor and the desired output pressure,
and provided information on the required power input, polytropic efficiency, and shaft speed, as well
as complete outlet stream results.

2.1.3. Process Drive Operation

Steam turbines, like compressors, can be modeled on many levels—from basic enthalpy balance
with constant isentropic efficiency to more complex approaches comprising turbine characteristics
and correction curves [20,30]. Aspen Plus® did not provide the option to model turbines with the
same precision as the compressors. Therefore, the characteristics and correction curves had to be
input “manually”, via a calculator block. As only isentropic calculations were predefined for turbines,
the model first calculated the turbine steam consumption based on the characteristics (required
power output) and correction curves (live steam pressure, live steam temperature, exhaust pressure,
and compressor revolutions). Then, the model iteratively calculated the isentropic efficiency of the
turbine so that, based on the before-calculated steam consumption and enthalpy balance, the provided
power output correlated with the required value.

2.1.4. Steam Network

While most industrial facilities have a major steam source (e.g., a combined heat and power unit
(CHP)), the utilization of waste heat from production units in means of steam production is also a
common practice [43]. Moreover, the overall steam supply of these local producers can even exceed the
major steam source production. Thus, the quality of the supplied steam varies significantly depending
not only on the CHP unit’s operation but on the whole production network [22,72]. It is therefore vital
for process drive sizing to account for steam quality fluctuations.
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When analyzing steam networks, as well as any other pipeline systems, momentum and
heat transfer must always be considered [73]. Pressure loss caused by friction and/or various
installed armatures and potential heat loss to ambient space can affect the steam quality significantly.
When analyzing the heat transfer, steam–ambient temperature difference plays the most significant
role. The impact of heat loss on the medium quality is thus best observable during extreme ambient
conditions, i.e., temperature peaks during winter. Even though most adverse effects of ambient
temperature changes can be suppressed by effective insulation, Hanus et al. [26] showed that the
effectivity of outdoor insulation decreases heavily after years of operation and it is in designer’s best
interest to investigate the true heat conductivity of the used insulation.

Effects of both pressure and heat losses vary greatly depending on pipeline geometry and mostly
on the steam network topology and plant infrastructure, i.e., the resulting pipeline length. While the
distance (pipe length) of the considered steam drive from the battery limit header can range in terms
of tens of meters in some cases, there are units where the pipe length can reach hundreds of meters or
even a kilometer. This is mostly the case of mid-twenty century refineries where individual units and
their subunits were built far apart for safety reasons [26].

Lastly, it is necessary to assess the impact of steam drive alteration on the steam transport velocity.
Naturally, high transport velocities may cause serious erosion of pipeline walls and damage installed
armatures. However, low velocities in the pipelines may result in excessive heat loss and decrease
in steam quality or even condensate production [26]. Hence, the velocity changes with the steam
consumption of the drive, and pipeline suitability assessment is inevitable.

The process described in the previous text draws high-pressure steam from a steam network
using a CHP unit as the main steam producer. As illustrated below (Figure 2), steam crossing the
fluid catalytic cracking (FCC) unit battery limit is first supplied to the modeled system (propylene
recovery unit) and then to other parts of the FCC unit. To account for all above-mentioned aspects,
pipeline topology, geometry, and heat transfer properties were incorporated in the Aspen Plus®

process model.

Processes 2020, 8, x FOR PEER REVIEW 7 of 46 

 

While most industrial facilities have a major steam source (e.g., a combined heat and power unit 
(CHP)), the utilization of waste heat from production units in means of steam production is also a 
common practice [43]. Moreover, the overall steam supply of these local producers can even exceed 
the major steam source production. Thus, the quality of the supplied steam varies significantly 
depending not only on the CHP unit’s operation but on the whole production network [22,72]. It is 
therefore vital for process drive sizing to account for steam quality fluctuations. 

When analyzing steam networks, as well as any other pipeline systems, momentum and heat 
transfer must always be considered [73]. Pressure loss caused by friction and/or various installed 
armatures and potential heat loss to ambient space can affect the steam quality significantly. When 
analyzing the heat transfer, steam–ambient temperature difference plays the most significant role. 
The impact of heat loss on the medium quality is thus best observable during extreme ambient 
conditions, i.e., temperature peaks during winter. Even though most adverse effects of ambient 
temperature changes can be suppressed by effective insulation, Hanus et al. [26] showed that the 
effectivity of outdoor insulation decreases heavily after years of operation and it is in designer’s best 
interest to investigate the true heat conductivity of the used insulation. 

Effects of both pressure and heat losses vary greatly depending on pipeline geometry and mostly 
on the steam network topology and plant infrastructure, i.e., the resulting pipeline length. While the 
distance (pipe length) of the considered steam drive from the battery limit header can range in terms 
of tens of meters in some cases, there are units where the pipe length can reach hundreds of meters 
or even a kilometer. This is mostly the case of mid-twenty century refineries where individual units 
and their subunits were built far apart for safety reasons [26]. 

Lastly, it is necessary to assess the impact of steam drive alteration on the steam transport 
velocity. Naturally, high transport velocities may cause serious erosion of pipeline walls and damage 
installed armatures. However, low velocities in the pipelines may result in excessive heat loss and 
decrease in steam quality or even condensate production [26]. Hence, the velocity changes with the 
steam consumption of the drive, and pipeline suitability assessment is inevitable. 

The process described in the previous text draws high-pressure steam from a steam network 
using a CHP unit as the main steam producer. As illustrated below (Figure 2), steam crossing the 
fluid catalytic cracking (FCC) unit battery limit is first supplied to the modeled system (propylene 
recovery unit) and then to other parts of the FCC unit. To account for all above-mentioned aspects, 
pipeline topology, geometry, and heat transfer properties were incorporated in the Aspen Plus® 
process model. 

 
Figure 2. Simplified plant steam network. Legend: Red line = HPS pipelines, orange line = middle-
pressure steam (MPS) pipelines, dotted red line = turbine exhaust; blue line = condensate. 
Figure 2. Simplified plant steam network. Legend: Red line = HPS pipelines, orange line = middle-pressure
steam (MPS) pipelines, dotted red line = turbine exhaust; blue line = condensate.



Processes 2020, 8, 1495 8 of 42

2.1.5. Combined Heat and Power Unit (CHP) as Marginal Steam Source

Industrial combined heat and power plants (CHP) traditionally employ steam boilers and
steam turbines as the cogeneration technology; some of them including gas turbines or combustion
engines [40,74]. Their task is to cover the steam network imbalance on all pressure levels (i.e., to serve
as a marginal steam source) while the cogenerated electric energy is utilized in the industrial facility or
sold to an external grid. Seasonal steam demand variations influence their operation and the resulting
backpressure power production decreases in summer below a pre-set acceptable level, and has to be
compensated by other means (condensing power production). The reason for this specific system
feature is explained in more detail in Section 3.2. Techno-economic assessment of a process steam drive
sizing inevitably impacts the CHP operation and should be evaluated correctly. Last, but not least,
the CHP operation is influenced not only by internal steam demand, but by external factors as well
(energy management strategy of the refinery, changeable energy prices and their uncertainty, etc.) [75].

The considered CHP comprised high-pressure steam boilers (9 MPa, 530 ◦C) and a set
of backpressure and extraction condensing turbines exporting high-pressure (HPS, 3.5 MPa),
medium-pressure (MPS, 1.1 MPa), and low-pressure (LPS, 0.5 MPa) steam to the industrial facility.
Constant marginal heat production efficiency of the CHP and constant marginal backpressure and
condensing power production per one ton of steam were assumed. The effect of a change in the
production unit steam balance on a certain pressure level was transposed to the corresponding change
in backpressure electric energy production and fuel consumption in the CHP. A detailed description of
the CHP unit operation and its further characteristics can be found elsewhere [26,47].

2.2. Data Processing

Data analyses are an inherent part of any technological proposal. To be able to size the desired
equipment, it is necessary to understand the unit’s operation, unearth any possible off-design
performance and to map the system responses. In order to do so, measured data regarding the modeled
unit and auxiliaries have to be studied.

To evaluate the maximal power requirements of the modeled unit and to assess seasonal
performance variations, a year-long operation of the unit was monitored. To understand the effects of
steam quality fluctuations on the proposed new process drive performance, daily measurements of the
properties of steam in the network were taken. Finally, to examine possible bottlenecks linked to the
CHP unit operation, its performance during the evaluated period was considered.

2.2.1. Measured Data

Table 2 summarizes all process data used in the simulation of the propylene recovery unit
performance and serves as a guide for heat pump-assisted distillation simulation (and process drive
sizing) data gathering. These data include feedstock mass flow and composition which are usually
not measured continually. However, highly reliable records of products’ mass flow and quality are
generally recorded and they can be combined to obtain the desired information.

2.2.2. Aspen–MATLAB Linking

The proposed methodology exploits the full potential and relevance of multi-software modeling
via linking Aspen Plus® software (Aspen Plus® V10, Aspen Technology Inc., Bedford, MA, USA)
with MATLAB® software (MATLAB® 2020a, The MathWorks Inc., Natick, MA, USA). While the
state-of-the-art simulation engine of Aspen Plus® provides swift and rigorous results due to the
sequential modular algorithm, its use in evaluation of large datasets containing numerous different
variables is somewhat laborious. On the other hand, the programming language of the MATLAB
software is tailored for handling such tasks. Thus, an effort to link these two software environments
persists. Fontalvo et al. [54] introduced the idea of software linking in the early 2000s, though no
details were presented. Several years later, in 2014, Fontalvo described the linking principles [53];
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however, these are of limited relevance today. Other authors have continued working on the
idea with different aims or providing insufficient details. A MATLAB® sub-software, Simulink,
was used by Dos Santos Vidal et al. [60] and Ryu et al. [61] to solve rather complicated automation
problems. Muñoz et al. [57] used MATLAB®-to-Aspen linking in a gradient-based multi-objective
optimization via ACSII file exchange with Aspen Plus® working in the equation-oriented mode.
The published freeware by Abril [76] caused a breakthrough with instructions for component object
model (COM) interface linking. Following this publication, several papers [58,59,77,78] were published
providing scarce information about the interface build and utilization. Even though the works of
Ramirez et al. [56] and Darkwah et al. [55] contain specific programming tips, these are rather unclear
to a non-advanced user. Hence, to this day, a simple but complex interface linking methodology
remains elusive. Details regarding the program capabilities and the linking procedure are presented in
the following text.

Table 2. Considered measured data. Legend: BL = battery limit, CHP = combined heat and power
plant, HPS = high-pressure steam, MPS = middle-pressure steam.

Equipment/Material Stream/Unit Data Purpose Details

Propylene (product stream) Total mass flow Simulation Together with propane stream
represents the feed stream

Propylene content

Propane (component analysis) Simulation Feed stream composition

Column Head pressure Simulation
Bottoms pressure Simulation

Suction drum Pressure Simulation

Compressor Exhaust pressure Simulation

Exhaust temperature Verification
Compressor exhaust temperature
documents isentropic efficiency
calculation accuracy

Shaft speed Verification Shaft speed documents compressor
performance calculation accuracy

Turbine
Steam

consumption/condensate
mass flow

Verification

For systems where steam
consumption is not measured
directly, it is possible to measure
mass flow of turbine condensate

Condensate pump by-pass
valve position Verification

When measuring condensate mass
flow, it is sensible to check whether
condensate pump by-pass is in
operation and to what degree

Live steam temperature Simulation

Exhaust pressure/condenser
temperature Simulation

For systems where exhaust pressure
is not measured directly, it is
possible to estimate it based on the
condenser temperature

HPS from BL Mass flow Simulation
(utility stream) Temperature Simulation

Pressure Simulation

MPS from BL Mass flow Simulation
(utility stream) Temperature Simulation

Pressure Simulation

CHP unit HPS mass flow Simulation
MPS mass flow Simulation

Aspen Plus® cooperation with external Windows applications is enabled via ActiveX Automation
Server. In this way, the applications can interact with Aspen Plus® through a programming interface
while the automation server exposes objects through the COM object model [79]. Through this interface
it is possible:

• to connect inputs and results of Aspen Plus® simulations to other applications;
• to manipulate (create, reconnect, delete, etc.) Aspen Plus® objects;
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• to control the Aspen Plus® user interface (handle events, suppress dialog boxes, disable user
interface features, etc.);

• to control a simulation (run, stop, reinitialize, etc.).

As the original user guide for Aspen Plus® is written for the Visual Basic programming language,
a simple step-by-step manual for Aspen–MATLAB linking is presented:

• First, a local ActiveX server is created where the component object model is situated using the
inbuilt function “actxserver”. The syntax is as follows: var = actxserver(ProgID), where var is a
structured variable used to access the server and ProgID is the program identifier. The program
identifier for Aspen Plus® documents is “Apwn.Document.X” where X depends on the Aspen
Plus® version: 34.0 for V8.8, 35.0 for V9.0, and 36.0 for V10.0 (e.g., “Apwn.Document.36.0” for
Aspen Plus® V10);

• After the server creation, the whole system is initialized as shown in Figure 3. There are three
initialization methods depending on the format of the simulation: “InitFromArchive2” (for use with
.bkp and .apw archive files), “InitFromTemplate2” (for use with templates), and “InitFromFile2”
(for use with .apwn compound files). No difference has been observed in their performance,
though .bkp files are generally the smallest in size and thus recommended. As with other
MATLAB® scripts, all files have to be located in the same folder;
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• From this point on, the Aspen–MATLAB® link is ready to use. To access results, manage inputs,
and control the simulation and/or the user interface, dot notations are used. Examples of the
syntax for various commands are given below:

a. Simulation control Syntax: var.command (e.g., var.Run2, var.Reinit, . . . )
b. User interface control Syntax: var.attribute = value (e.g., var.Visible = 1, . . . )
c. Input alteration Syntax: var.Tree.Findnode(path).Value = value_a
d. Results gathering Syntax: value_b = var.Tree.Findnode(path).Value

All commands can be found in Appendix A or in Figure 3. The path to every individual
variable of the simulation in Aspen Plus® can be accessed directly in the program via: Customize→
Variable explorer.

• Prior to launching the simulation, it is sensible to also link MATLAB to Excel for more flexible
operation via simple and useful inbuilt functions “xlsread” and “xlswrite” enabling reading and
writing data from and to the Excel spreadsheet, respectively, without the need for opening the
data file manually. An example can be seen in Figure 3.

3. Industrial Case Study

3.1. System Description

The aforementioned propylene recovery unit is a subunit (a section) of a fluid catalytic cracking
(FCC) unit, splitting the liquid propylene–propane fraction from the FCC gas plant into individual
products of high purity. Due to low relative volatility of the components (and therefore low temperature
difference between the head and bottom of the distillation column), a compression heat pump system
can be utilized. However, the small difference in boiling points demands a large reflux ratio (>15) and
numerous (>150) separation stages. Hence, such a system (as described in Figure 1) poses not only a
technological but also a computational challenge, which once again underlines the pressing need for
use of robust simulation software.

Performance of the considered propylene recovery unit was evaluated during an approximately
one-year period, from 1 April 2018 to 28 February 2019, and provided the following observations:

• The unit’s feedstock flow rate was flexible, ranging from 6.5 to 9.7 t/h;
• Feedstock quality ranged from 81.7 to 86.5 mass % of propylene;
• Turbine condensate pump was by-pass protected.

Based on the technical documentation, we can state:

• Maximal unit throughput was 10 t/h of the propane–propylene fraction;
• Maximal compressor power at the coupling is 1250 kW.

3.2. Proposed Change in Steam Drive Type

Currently, a condensing steam turbine is used as the heat pump compressor drive. Such a
situation makes sense if there is excess steam that cannot be utilized for other purposes (process heating,
stripping agent, etc.). In the presented industrial study, HPS, used as driving steam, was imported
from the CHP. At the same time, enough variability in both HPS and MPS production and transport
capacities allowed us to consider condensing steam drive replacement by a backpressure one, targeting
fuel savings in the CHP at the expense of a certain loss of CHP power generation. The replacement
of condensing mechanical power production by a backpressure unit is economically feasible at most
fuel-power price ratios. An additional tangible benefit was the resulting decrease in CO2 and other
pollutant emissions in the CHP.

Another steam pressure level, LPS, can be considered as an alternative backpressure steam sink to
the MPS, but it is less suitable for this purpose. The reason is an occasional LPS excess in summer



Processes 2020, 8, 1495 12 of 42

and the resulting decrease of LPS export from the CHP to very low values, which negatively affects
the steam quality in the main LPS pipelines. Additional LPS from a new backpressure steam drive
would thus have to be vented into the atmosphere. This situation is well-documented in Figure 4,
where occasional drops of LPS export from the CHP can be seen. Sudden one-direction changes in LPS
export within a few days or one to two weeks (decrease in April, increase in November) result from
switching on/off the space heaters and steam tracing in the refinery. The existing LPS excess in the
refinery during summer months is a serious issue that has two consequences: First, lower economic
attractiveness of incentives for LPS consumption decrease in the refinery. Second, low LPS export from
the CHP leads to reduced backpressure power production. Long-term energy policy of the refinery
includes the demand to secure the power supply to critical production units during outer grid outages
(severe weather, unexpected events) from the CHP. Thus, a certain minimal power production in the
CHP is required regardless of the actual season. As the backpressure power production is insufficient
to cover this demand, additional power is produced in condensing steam turbines during warmer
months. The average duration of this period is 40% of the year. Any changes in CHP backpressure
power production resulting from the proposed change in the steam drive are reflected in the change of
condensing power production in the opposite way during this period of the year.Processes 2020, 8, x FOR PEER REVIEW 13 of 46 
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Apart from MPS and LPS, other steam pressure levels can be considered with sufficient capacity
to absorb the steam produced from the new steam drive. A preliminary analysis of steam consumption
in the FCC unit showed no such options, as their steam absorption capacity was only a small fraction
of what was needed. Thus, only a backpressure steam drive with HPS as the driving steam and
with MPS discharge was considered and further analyzed. A schematic of the analyzed proposal is
provided in Figure 5. The FCC unit consumed between 25 to 40 t/h of MPS. During periods of lower
MPS consumption, the excess of MPS produced in the new steam drive was exported to other refinery
units. The CHP remained the marginal source of both HPS and MPS for the refinery. MPS export
from the FCC unit was associated with increased MPS backpressure at the new steam drive discharge,
which was considered in the proposed steam drive sizing method. Increase in the HPS export from
the CHP increased the steam flow velocities in the HPS network, which was desirable following the
outcomes of a study dedicated to HPS network operation [26]. However, transport capacity of both
main HPS pipelines as well as those within the FCC unit has to be reviewed.
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3.3. Key System Analysis and Model Verification

Prior to designing a new process equipment, it is inevitable to confirm the relevance of the
constructed model, based on which the proposal will be carried out. Designing a new process steam
drive, the best practice is to prove that the model can predict actual steam consumption precisely.
According to the enclosed graph (Figure 6), the model prediction seems to be incorrect though the trend
is generally preserved. This was probably caused by the lack of live steam consumption measurement,
except for the turbine condensate mass flow, which did not, however, totally correlate with the steam
consumption because of the condensate pump by-pass increasing the condensate flow. Moreover,
as shown in Figure 7, the calculated compressor shaft speed was in most cases slightly lower than the
measured one due to the applied process control: For systems comprising such an enormous recycle
stream flow rate (>150 t/h recycle vs. <10 t/h feedstock) it was near impossible to numerically obtain
the exact same composition as analytically determined. Rather than that, an automation condition was
set, forcing the process control to keep the product quality above 99.6 vol%. Even though real process
control can occasionally achieve higher purity, there were numerous cases where the calculated purity
was slightly below the measured. As a result, the compressor shaft speed may have, on a small scale,
differed from the measured as well.

To account for both effects, the condensate mass flow rate with by-pass valve position was included
in the calculation and the measured shaft speed was used for turbine performance assessment. The latter
perfectly illustrated the impact of the shaft speed on the turbine efficiency (discussed in detail later).
Based on the measured to calculated condensate mass flow rate comparison (Figures 8 and 9), it can be
stated that the model provided reliable results and was thus verified.

Subsequently, to design a process drive correctly, it is necessary to:

• Obtain the process side characteristics—to evaluate the maximal power requirements and predict
the process behavior in case of insufficient power supply as well as the daily performance;

• Map fluctuations in the steam network as to find the most appropriate design parameters for a
new steam drive;

• Understand the effects of the process side (shaft speed and power requirements) and steam side (live
steam pressure, live steam temperature, and exhaust pressure) parameters on turbine efficiency.



Processes 2020, 8, 1495 14 of 42

Processes 2020, 8, x FOR PEER REVIEW 14 of 46 

 

3.3. Key System Analysis and Model Verification 

Prior to designing a new process equipment, it is inevitable to confirm the relevance of the 
constructed model, based on which the proposal will be carried out. Designing a new process steam 
drive, the best practice is to prove that the model can predict actual steam consumption precisely. 
According to the enclosed graph (Figure 6), the model prediction seems to be incorrect though the 
trend is generally preserved. This was probably caused by the lack of live steam consumption 
measurement, except for the turbine condensate mass flow, which did not, however, totally correlate 
with the steam consumption because of the condensate pump by-pass increasing the condensate 
flow. Moreover, as shown in Figure 7, the calculated compressor shaft speed was in most cases 
slightly lower than the measured one due to the applied process control: For systems comprising 
such an enormous recycle stream flow rate (>150 t/h recycle vs. <10 t/h feedstock) it was near 
impossible to numerically obtain the exact same composition as analytically determined. Rather than 
that, an automation condition was set, forcing the process control to keep the product quality above 
99.6 vol%. Even though real process control can occasionally achieve higher purity, there were 
numerous cases where the calculated purity was slightly below the measured. As a result, the 
compressor shaft speed may have, on a small scale, differed from the measured as well. 

 
Figure 6. Condensate to steam mass flow comparison. 

 
Figure 7. Measured to calculated shaft speed comparison. 

Figure 6. Condensate to steam mass flow comparison.

Processes 2020, 8, x FOR PEER REVIEW 14 of 46 

 

3.3. Key System Analysis and Model Verification 

Prior to designing a new process equipment, it is inevitable to confirm the relevance of the 
constructed model, based on which the proposal will be carried out. Designing a new process steam 
drive, the best practice is to prove that the model can predict actual steam consumption precisely. 
According to the enclosed graph (Figure 6), the model prediction seems to be incorrect though the 
trend is generally preserved. This was probably caused by the lack of live steam consumption 
measurement, except for the turbine condensate mass flow, which did not, however, totally correlate 
with the steam consumption because of the condensate pump by-pass increasing the condensate 
flow. Moreover, as shown in Figure 7, the calculated compressor shaft speed was in most cases 
slightly lower than the measured one due to the applied process control: For systems comprising 
such an enormous recycle stream flow rate (>150 t/h recycle vs. <10 t/h feedstock) it was near 
impossible to numerically obtain the exact same composition as analytically determined. Rather than 
that, an automation condition was set, forcing the process control to keep the product quality above 
99.6 vol%. Even though real process control can occasionally achieve higher purity, there were 
numerous cases where the calculated purity was slightly below the measured. As a result, the 
compressor shaft speed may have, on a small scale, differed from the measured as well. 

 
Figure 6. Condensate to steam mass flow comparison. 

 
Figure 7. Measured to calculated shaft speed comparison. 
Figure 7. Measured to calculated shaft speed comparison.

Processes 2020, 8, x FOR PEER REVIEW 15 of 46 

 

To account for both effects, the condensate mass flow rate with by-pass valve position was 
included in the calculation and the measured shaft speed was used for turbine performance 
assessment. The latter perfectly illustrated the impact of the shaft speed on the turbine efficiency 
(discussed in detail later). Based on the measured to calculated condensate mass flow rate comparison 
(Figures 8 and 9), it can be stated that the model provided reliable results and was thus verified. 

  
Figure 8. Comparison of measured and estimated condensate mass flow rate over the evaluated 
period. 

 
Figure 9. Measured to estimated condensate mass flow rate comparison. 

Subsequently, to design a process drive correctly, it is necessary to: 

• Obtain the process side characteristics—to evaluate the maximal power requirements and 
predict the process behavior in case of insufficient power supply as well as the daily 
performance; 

• Map fluctuations in the steam network as to find the most appropriate design parameters for a 
new steam drive; 

• Understand the effects of the process side (shaft speed and power requirements) and steam side 
(live steam pressure, live steam temperature, and exhaust pressure) parameters on turbine 
efficiency. 

Considering the above, process side characteristics (Figure 10) were constructed. Despite 
expectations, the primary assumption that the feedstock quality affects the process side power 

Figure 8. Comparison of measured and estimated condensate mass flow rate over the evaluated period.



Processes 2020, 8, 1495 15 of 42

Processes 2020, 8, x FOR PEER REVIEW 15 of 46 

 

To account for both effects, the condensate mass flow rate with by-pass valve position was 
included in the calculation and the measured shaft speed was used for turbine performance 
assessment. The latter perfectly illustrated the impact of the shaft speed on the turbine efficiency 
(discussed in detail later). Based on the measured to calculated condensate mass flow rate comparison 
(Figures 8 and 9), it can be stated that the model provided reliable results and was thus verified. 

  
Figure 8. Comparison of measured and estimated condensate mass flow rate over the evaluated 
period. 

 
Figure 9. Measured to estimated condensate mass flow rate comparison. 

Subsequently, to design a process drive correctly, it is necessary to: 

• Obtain the process side characteristics—to evaluate the maximal power requirements and 
predict the process behavior in case of insufficient power supply as well as the daily 
performance; 

• Map fluctuations in the steam network as to find the most appropriate design parameters for a 
new steam drive; 

• Understand the effects of the process side (shaft speed and power requirements) and steam side 
(live steam pressure, live steam temperature, and exhaust pressure) parameters on turbine 
efficiency. 

Considering the above, process side characteristics (Figure 10) were constructed. Despite 
expectations, the primary assumption that the feedstock quality affects the process side power 

Figure 9. Measured to estimated condensate mass flow rate comparison.

Considering the above, process side characteristics (Figure 10) were constructed. Despite expectations,
the primary assumption that the feedstock quality affects the process side power requirements was
refuted. The best explanation was that the impact of large reflux efficiently suppressed the impact of
the feedstock quality and so the characteristics were practically linear, with the feed flow rate as the
independent and the power requirement as the dependent variable. The slope of the linear function
used to fit the data was later used in results.
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The installed condensing steam turbine provided 1250 kW of power at nominal conditions,
i.e., live steam pressure of 2.95 MPa, live steam temperature of 300 ◦C, exhaust pressure of 25 kPa,
and shaft speed of 11,548 rpm, while consuming 2.1 kg/s of HPS. At these conditions, isentropic
efficiency of 71.9% was declared. Based on the enclosed technical documentation (correction curves),
the effect of alteration of these parameters was studied. The results can be observed in the figures
below. It was proven that steam side parameters (Figure 11) affect the turbine isentropic efficiency
insignificantly, as even the highest relative parameter deviations caused no more than a 2% difference
in isentropic efficiency. Moreover, it is worth mentioning that no such drastic deviations occur in
real steam networks, and thus the impact of steam side parameters on the isentropic efficiency can
be neglected. However, as it is shown below, the shaft speed affected the isentropic efficiency to a
high measure, while a change in shaft speed was a common phenomenon resulting from variations in
the system performance and the feedstock throughput. Hence, the effect of shaft speed alteration on
turbine isentropic efficiency was normalized (Figure 12) for designing the new turbine.
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The study of actual steam side parameters, however, showed that the installed turbine operates off

design as the real steam network measured values differ from the nominal ones. Hence, the parameters
measured at the FCC unit battery limit were displayed in histograms (Figures 13–16) to obtain ideal
design parameters for the new steam drive.
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Temperature and heat losses were studied on a plant-wide scale. Measured values of temperature
and pressure of HPS exported from CHP were compared to those measured at the FCC battery
limit. The results can be seen in Figure 17. Rather significant differences can be observed namely in
temperatures where an almost 50 ◦C decrease was documented. These results illustrate the need for
pressure and heat loss assessment prior to any proposals incorporating steam networks.Processes 2020, 8, x FOR PEER REVIEW 19 of 46 
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3.4. Variable Approaches in Steam Drive Design

The steam turbine model was based on steam turbine characteristics well known as the Willan’s
line [80,81], i.e., linear dependency of the actual turbine’s shaft output, P, on the actual steam mass
flow,

.
m, Equation (1), applied to steam expansion between HPS and MPS, with I being the intercept of

the linear relationship:
P = k

.
m− I (1)

As reported by Mavromatis and Kokossis [80], the slope, k, in Equation (1) can be expressed as
follows, in Equation (2):

k =
1.2
B

(
∆hIS −

A
.

mmax

)
(2)

Parameters A and B can be correlated as a function of inlet steam saturation temperature (see [80]
for further details); ∆hIS represents the isentropic enthalpy difference between inlet and discharge
steam, depending on the inlet steam pressure and temperature as well as on the discharge pressure;
.

mmax stands for the maximal (design) steam mass flow through the turbine. As verified in [47], values of
k for common steam drive applications do not differ significantly from ∆hIS and, thus, ∆hIS is used
as the slope of the steam drive characteristics in the steam turbine model. Once the nominal turbine
steam consumption, the nominal obtained output, and the slope of the characteristics are known,
the steam turbine characteristics can be constructed. Following the engineering practice of steam
turbine vendors, when depicting the given relationship, the inlet steam mass flow is located on the
y-axis and the obtained output on the x-axis. Thus, an inverse function to Equation (1) is depicted in
Figure 18, with its slope being equal to ∆hIS

−1, as seen in Equation (3):
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Varying inlet steam conditions and discharge pressure impact the ∆hIS value and thereby affect
the actual turbine’s steam consumption necessary to achieve the desired output. The analysis of
process side characteristics revealed the maximum power requirement of 1278 kW to be supplied by the
turbine. For the new turbine, the design power output was thus set to 1300 kW. According to numerous
publications on isentropic efficiency of industrial steam drives [30,82], an isentropic efficiency of
65% was assumed, which is typical for mid-size industrial steam drives operating at full load with a
low-steam pressure ratio. Mechanical efficiency of such equipment can be estimated to be 85% [81].
While the mechanical efficiency changed in a very short interval and thus could be considered constant
for a reasonable operational window [81], the isentropic efficiently changed significantly regarding
the turbine load. The dependence between turbine power and isentropic efficiency has been well
documented before [80]. It can be calculated directly from the Willan’s line and described in the form
of a parabolic function (Figure 19).
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To find the design point and subsequently construct the turbine characteristics, several approaches
are available (Table 1). These vary depending on the number of variables considered, i.e., on the number
of system properties that are neglected and/or simplified. To provide a comprehensive overview,
a variety of possible approaches was exploited to illustrate the main differences in the resulting design
(Table 3). These cases were subdivided into three groups: Cases 1–6 considered the properties and
topology of the existing propylene recovery unit, with only cases 1–3 considering the features of the
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pipeline; cases 7–9 illustrated the changes in results for a steam drive located ten times farther (in means
of pipeline length) from the battery limit; and case 10 was a standalone case considering only the basic
enthalpy balance and constant values of all parameters.

Table 3. Steam drive design approach variations. Real insulation conductivity of 0.080 W·m−1
·K−1,

calculated previously by Hanus, et al. [26], was considered. Design insulation conductivity of
0.038 W·m−1

·K−1 was considered as a common value for new steam pipeline insulations.

Approach Pipe
Length

Pipeline Heat Loss
Pressure

Drop

Steam
Quality

Fluctuations

Varying
Shaft
Speed

Varying
Isentropic
Efficiency

Real Insulation
Conductivity

Design Insulation
Conductivity

Case 1 100%
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Pressure drop calculations for each segment of the pipeline came from the Bernoulli’s equation,
which can be generally written as Equation (4):

z1g +
w2

1

2α1
+

P1

ρ
= z2g +

w2
2

2α2
+

P2

ρ
+ εdis (4)

where z is the geodetic height, g the gravitational acceleration, w the mean steam transport velocity,
P absolute pressure, ρ fluid density, εdis specific dissipated energy, and the dimensionless parameter, α,
has the value of 0.5 or 1 for laminar or turbulent flow, respectively. Subscripts 1 and 2 refer to inlet and
outlet of the pipe segment, respectively. For each segment, the inner pipe diameter remained constant.
Thus, based on the continuity equation, the transport velocity remained constant as well. Furthermore,
the difference in geodetic heights can be sensibly neglected and Equation (4) can be transformed into
Equation (5):

∆P = ρεdis (5)

The overall specific dissipated energy comprises dissipation due to friction and local energy
dissipation. Based on the Darcy’s law, Equation (6) is deduced:

∆P = ρ

(
λ

Lw2

2D
+

∑
ξ

w2

2

)
(6)

where λ is the friction factor, L the length of the pipeline segment, D the inner diameter of the pipeline
segment, and ξ is the coefficient of local dissipation. A generalized ready-to-use approach for friction
factor estimation was proposed by Brkić and Praks [83].

Assuming that the only significant heat transfer resistances are that of the insulation and that of
the ambient space, the following Equations (7) and (8) apply:

TF ≈ TW (7)

.
qL =

π(TF − TI)

1
2κ ln DI

DW

=
π(TF − TA)

1
2κ ln DI

DW
+ 1

αADI

(8)

where TF is the temperature of transported fluid, TW temperature of outer pipeline wall, TI the outer
temperature of insulation, TA the ambient temperature,

.
qL the length-specific heat flux, κ the heat
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conductivity of the insulation, DW the outer diameter of the pipe, DI the outer diameter including
insulation, and αA is the combined radiation and convective heat transfer coefficient.

Therefore, the length-specific heat loss from a segment can be iteratively calculated for f = 0
from Equations (9)–(12) [84]:

αA = 9.74 + 0.07(TI,1 − TA) (9)

.
qL =

π(TF − TA)

1
2κ ln DI

DW
+ 1

αADI

(10)

TI,2 = TF − q
ln DI

DW

2πκ
(11)

f = TW,2 − TW,1 (12)

where TW,1 is the primary estimate of the temperature of the pipeline wall (under insulation).

4. Results and Discussion

The proposed change in the process steam drive from the actual condensing steam turbine
to a new backpressure one anticipated a significant increase in HPS consumption. Whereas the
actual consumption ranged roughly from 7.5 to 8.5 t/h (Figure 6), preliminary calculations for the
turbine at nominal conditions (3.35 MPa, 325 ◦C HPS (BL), 1.0 MPa, 252 ◦C MPS (BL), 65% isentropic
efficiency, 85% mechanical efficiency, 100% compressor shaft speed) revealed an increase in turbine
HPS consumption to approx. 35 t/h. Hence, steam transport velocities in the interconnecting pipeline
were studied (Figure 20).
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As the conducted case study showed (Figure 20), steam transported by a pipeline with a diameter
below 7′′ would breach the erosional velocity limit defined for HPS. Thus, a pipeline with such
a diameter would encounter serious erosion. As the diameter of 7′′ is not typical for industrial
applications, an 8′′ inlet pipeline was considered. A 10′′ pipeline was chosen for the exhaust side
(Figure 21).

The optimal inner pipe diameter was used to calculate nominal performance parameters. For each
case, respective assumptions were incorporated in the simulation program to obtain information on
nominal HPS consumption. The isentropic enthalpy difference was then determined from the actual
enthalpy difference calculated by the model, and the characteristics’ intercept was calculated directly,
as seen in Equation (13):

K =
.

mS −
1

∆hIS
P (13)



Processes 2020, 8, 1495 22 of 42

For any point of the characteristics (different from the nominal point), isentropic efficiency can be
calculated from Equation (14):

ηIS =
∆h

∆hIS
=

W.
mS

∆hIS
=

P
ηmech

1
∆hIS

P+K

∆hIS
=

P
ηmech(P + ∆hISK)

(14)
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Polynomial fitting of the isentropic efficiencies provided parameters for Figure 19, which, as well
as other characteristic parameters of the turbine, are summed up in Table 4.

Table 4. Turbine characteristics.

Ambient
Temperature/◦C

Nominal HPS
Consumption/kg·h−1

Nominal
∆h/kJ·kg−1 ∆hIS/kJ·kg−1 K/kg·s−1 a·107 b·104 c·102

Case 1 10 34,703 158.6 244.0 4.312 −2.101 7.169 6.953
35 34,703 158.6 244.0 4.312 −2.101 7.169 6.953
−14 34,724 158.5 243.8 4.314 −2.101 7.170 6.954

Case 2 10 34,685 158.8 244.3 4.314 −2.098 7.164 6.933
35 34,682 158.8 244.3 4.313 −2.099 7.164 6.935
−14 34,688 158.8 244.3 4.314 −2.098 7.163 6.930

Case 3 N/A 34,623 159.0 244.6 4.303 −2.100 7.168 6.947
Cases 4–6 N/A 33,954 162.1 249.4 4.219 −2.101 7.169 6.953

Case 7 10 42,782 128.7 198.0 5.318 −2.100 7.166 6.942
35 42,707 128.9 198.3 5.308 −2.100 7.168 6.948
−14 42,855 128.5 197.7 5.328 −2.103 7.178 6.953

Case 8 10 42,172 130.5 200.8 5.239 −2.101 7.170 6.955
35 42,137 130.7 201.1 5.240 −2.098 7.159 6.945
−14 42,208 130.4 200.6 5.244 −2.103 7.176 6.961

Case 9 N/A 41,182 133.7 205.7 5.119 −2.100 7.166 6.942

To account for ambient temperature variations during the evaluated period, discrete temperature
peaks were considered. These encompassed the highest, the lowest, and the average ambient temperature
measured in 2018. Because cases 4–6 did not consider the pipeline properties, turbine characteristics for
these cases were identical as they shared the same design point.

As can be seen in Table 4, temperature fluctuations affected the steam consumption minimally.
Due to high temperature of the transported medium (HPS, ~325 ◦C), the driving force of heat transfer
depended only insignificantly on the change of ambient temperature. Thus, the ambient temperature
variations could be neglected, and were not taken into further consideration.

To visualize the differences between individual approaches, HPS consumption over the evaluated
period using the methodology of each considered case was examined. For cases incorporating heat
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loss, the average ambient temperature (10 ◦C) was considered. In Figure 22, an evident discrepancy
between the individual cases can be observed. Average deviations from the base cases (case 1 for actual
pipeline length; case 7 for tenfold increase in pipeline length) are summarized in Table 5.
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Table 5. Comparison of different case results.

Base Case
Average Relative Deviation in HPS Consumption/%

Case 2 Case 3 Case 4 Case 5 Case 6 Case 8 Case 9 Case 10

Case 1 0.08 0.31 2.21 2.32 2.84 - - 5.01
Case 7 - - 20.35 20.09 20.52 1.61 3.74 22.28

While the effect of heat losses from pipelines to the ambient space were proven to be minimal for
the actual length of piping (average deviation ≤ 0.31%), a tenfold increase in the pipe length increased
the average deviation up to 3.74%. Hence, heat loss increased linearly with the distance. An almost
identical trend could be observed in the pressure drop calculation, however, with dramatically
different impact on the calculated HPS consumption. Thus, for calculations comprising long pipelines,
severe errors are to be expected if pressure drop is neglected. Furthermore, models not considering
steam quality fluctuations (case 5) and compressor shaft speed variations (case 6) are not capable
of predicting peaks in HPS consumption (provide different trends) and are thus unsuitable even for
systems comprising short pipelines, though their average deviation is only slightly different to case 4.

For a more comprehensive illustration, the yearly cumulative differences were displayed in
Figures 23 and 24 for case 1 and case 7, respectively. For the actual-size pipeline, two most significant
contributions were visible: The first caused by neglecting the pipeline pressure drop and the second by
considering a constant isentropic efficiency. The latter has proven to be the most severe, resulting in an
almost 13 kt/y difference.



Processes 2020, 8, 1495 24 of 42

Processes 2020, 8, x FOR PEER REVIEW 26 of 46 

 

While the effect of heat losses from pipelines to the ambient space were proven to be minimal 
for the actual length of piping (average deviation ≤0.31%), a tenfold increase in the pipe length 
increased the average deviation up to 3.74%. Hence, heat loss increased linearly with the distance. 
An almost identical trend could be observed in the pressure drop calculation, however, with 
dramatically different impact on the calculated HPS consumption. Thus, for calculations comprising 
long pipelines, severe errors are to be expected if pressure drop is neglected. Furthermore, models 
not considering steam quality fluctuations (case 5) and compressor shaft speed variations (case 6) are 
not capable of predicting peaks in HPS consumption (provide different trends) and are thus 
unsuitable even for systems comprising short pipelines, though their average deviation is only 
slightly different to case 4. 

For a more comprehensive illustration, the yearly cumulative differences were displayed in 
Figures 23 and 24 for case 1 and case 7, respectively. For the actual-size pipeline, two most significant 
contributions were visible: The first caused by neglecting the pipeline pressure drop and the second 
by considering a constant isentropic efficiency. The latter has proven to be the most severe, resulting 
in an almost 13 kt/y difference. 

Table 5. Comparison of different case results. 

Base 
Case 

Average Relative Deviation in HPS Consumption/% 
Case 2 Case 3 Case 4 Case 5 Case 6 Case 8 Case 9 Case 10 

Case 1 0.08 0.31 2.21 2.32 2.84 - - 5.01 
Case 7 - - 20.35 20.09 20.52 1.61 3.74 22.28 

When considering a pipeline ten times the length of the actual pipeline, the effect of every 
simplification in the process drive sizing becomes more evident. However, in contrast to calculations 
of the actual pipeline, the pressure drop is the most crucial. Moreover, cumulative differences in HPS 
consumption prove the overall trend to be monotonic as opposed to average deviation of case 5 from 
case 7 (Table 5). These findings underline the fact that even though average deviations for some cases 
showed only slight differences, significant cumulative differences can occur. This, above all, affected 
the final economic evaluation. 

  
Figure 23. Cumulative difference in HPS consumption (base case 1). 

Practically every unit operates off-design for most of the operational time as the exact conditions 
defined as nominal are hardly ever met. However, the measure of deviation from the design 
parameters shows how well the equipment has been designed. To assess a possible negative impact 
of the steam drive replacement on the driven process, a study was conducted operating the turbine 
at full load for each case and each day of the evaluated period. The power output provided by the 

Figure 23. Cumulative difference in HPS consumption (base case 1).

Processes 2020, 8, x FOR PEER REVIEW 27 of 46 

 

turbine consuming nominal amount of steam (Table 4) was compared to the actual power 
requirements of the process. A threshold of 5% (65 kW) was set, which is a typical design margin. In 
this study, again, results for the actual pipeline were compared to the ten-times-longer pipeline 
variant. 

  
Figure 24. Cumulative difference in HPS consumption (base case 7). 

As shown in Figure 25, for a relatively short pipeline (≈100 m), a turbine designed with respect 
to all abovementioned aspects (Case 1) provided the process with the required power over the whole 
evaluated period. Simplified models, cases 4–6, also provided satisfactory results with hardly any 
threshold overshoots. However, the difference in the performance reserve was evident, pointing out 
nominal turbine inlet steam mass flow undersizing. 

  

Figure 24. Cumulative difference in HPS consumption (base case 7).

When considering a pipeline ten times the length of the actual pipeline, the effect of every
simplification in the process drive sizing becomes more evident. However, in contrast to calculations
of the actual pipeline, the pressure drop is the most crucial. Moreover, cumulative differences in
HPS consumption prove the overall trend to be monotonic as opposed to average deviation of case
5 from case 7 (Table 5). These findings underline the fact that even though average deviations for
some cases showed only slight differences, significant cumulative differences can occur. This, above all,
affected the final economic evaluation.

Practically every unit operates off-design for most of the operational time as the exact conditions
defined as nominal are hardly ever met. However, the measure of deviation from the design parameters
shows how well the equipment has been designed. To assess a possible negative impact of the steam
drive replacement on the driven process, a study was conducted operating the turbine at full load for
each case and each day of the evaluated period. The power output provided by the turbine consuming
nominal amount of steam (Table 4) was compared to the actual power requirements of the process.
A threshold of 5% (65 kW) was set, which is a typical design margin. In this study, again, results for
the actual pipeline were compared to the ten-times-longer pipeline variant.

As shown in Figure 25, for a relatively short pipeline (≈100 m), a turbine designed with respect to
all abovementioned aspects (Case 1) provided the process with the required power over the whole
evaluated period. Simplified models, cases 4–6, also provided satisfactory results with hardly any
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threshold overshoots. However, the difference in the performance reserve was evident, pointing out
nominal turbine inlet steam mass flow undersizing.
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The situation changed dramatically with the increase in pipeline length. As depicted in Figure 26,
even when all the aspects were considered (case 7), there was a short period of time when the turbine
was not capable of providing the required mechanical power. The more such periods appeared, the less
system properties were considered (e.g., case 9, which did not take heat loss into account). Finally,
the worst-case scenario did not take pressure drop into account. As proven below, a turbine designed
without regard to pressure drop along the pipeline did not provide the process with the required
mechanical power with its lack exceeding 100 kW (approximately 8% of nominal mechanical power
requirement) very frequently. The inability of the steam drive designed without steam frictional
pressure losses consideration to meet the process-side mechanical power demand inevitably resulted
in a decrease of processed C3 fraction mass flow. The C3 fraction splitting process could thus become
a bottleneck of the whole FCC reaction products separation section with serious consequences on
its profitability.

Based on the process side characteristics (Figure 10), production loss due to insufficient power
supply can be quantified. Each 100 kW of lacking power output (i.e., power output below the dashed
line in Figure 26) represented 2.16 t/h of production loss (Figure 27). For the studied propylene recovery
unit processing approx. 65.8 kt of feedstock yearly, the decrease of 13.2 kt/y (20%) was unacceptable.
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Besides the impact of the proposed steam drive change on the propylene recovery process, its effect
on the operation of the refinery’s main HPS and MPS pipelines was assessed in terms of transported
steam mass flow. A significant change in the steam mass flow may result in new bottlenecks or even
an infeasible operation of the network [26]. Current HPS pipeline operation was analyzed in detail by
Hanus et al. [26], defining the safe operation window between 20 and 60 t/h of exported HPS from CHP.
Such conditions prevent excessive erosion and pressure losses on one hand and steam stagnation in
pipelines on the other. An existing pipeline, returning HPS to the CHP, enables HPS network operation
with zero or even negative net HPS export from the CHP. Furthermore, exporting more than 60 t/h of
HPS from the CHP is possible by utilizing a second main HPS pipeline that is normally closed but can
be activated if needed. However, even with both the main HPS pipelines active, exporting more than
80 t/h HPS from the CHP for longer periods is unwanted, though possible. As shown in Figure 28,
the proposed steam drive change eliminated the occurrence of undesirably low HPS export from the
CHP and simultaneously led to HPS export of over 80 t/h in certain periods, forcing the steam network
operators to undertake additional measures to ensure the HPS network stability.
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The MPS network operation was also investigated and the results are shown in Figure 29. Presently,
the MPS demand of the refinery exceeds 80 or even 100 t/h, which strains the MPS production capacity
of the CHP. MPS export of over 100 t/h cannot usually be met by steam extraction and the deficit has to
be covered by 9 MPa steam throttling in the CHP. As presented in Figure 29, the occurrence of such
unwanted states is strongly reduced by the new process drive in operation. A few periods appear,
though, with MPS export below 20 t/h, which may affect the MPS network operation stability and have
to be avoided by active MPS network management.

The change in exported steam mass flow at high-pressure and middle-pressure levels affects fuel
consumption and carbon dioxide emissions of the CHP. The resulting effect differs according to the
season of the year:

1. In colder months (October to April), fuel is saved, and CO2 emissions are reduced. Backpressure
power production in the CHP is also reduced;

2. In warmer months (May to September), the reduction in the CHP backpressure power production
is compensated by an increase in the condensing production which keeps the total power output of
the CHP unchanged. The resulting change in fuel consumption and in CO2 emissions production
is determined by the difference between: (a) Marginal condensing power production efficiency
of the CHP and, (b) the condensing mechanical power production in the replaced condensing
steam drive.
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Based on discussion with CHP managers and operators, the following input data were considered
in calculations:

1. Average thermal efficiency of the CHP is 85%, determined as the ratio of the enthalpy in exported
steam to the fuel lower heating value;

2. Heavy fuel oil combusted in the CHP produces 3.2 tons of CO2 per 1 ton of oil;
3. Marginal efficiency of the condensing power production in the CHP is 3 MWh per ton of

combusted fuel.

Trends of fuel consumption change and CHP electric power output decrease in the evaluated
period are visualized in Figure 30.
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Evaluation of the economic potential of the condensing steam drive replacement assumed the
following prices: Electricity 45 €/MWh; heavy fuel oil 120 €/t; and CO2 emissions 27 €/t. The hourly
benefit results from (1) the achieved decrease in fuel consumption and in CO2 emissions, and (2) the
amount of additional power purchased from the outer grid. Additional power has to be purchased to
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balance the lower CHP output in colder months (Figure 30). The cumulative benefit curve (Figure 30)
is obtained by summing up the hourly benefits over the evaluated period. As can be seen, most of the
benefit is harvested during colder months. Overall, 3.72 kt/year of fuel can be saved and CO2 emissions
from the CHP can be reduced by 11.13 kt/year as a result of the process steam drive replacement.
The resulting benefit is expected to be over 300,000 EUR/year. A preliminary estimate of the steam
drive replacement cost including new pipelines is around 450,000 EUR, leading to a preliminary
simple payback period of 1.5 years. Due to the envisioned CO2 emission cost increase, economic
feasibility of this proposal should be retained even if the fuel price decreases or that of purchased
electricity increases.

Considering the results presented in Figure 25, it can be concluded that the C3 fraction feed
processing capacity is met even with less rigorous steam drive sizing method. However, for the
alternative with ten-times-longer pipelines, only the rigorous method presented in this paper ensures
the retained process throughput capacity. Less complex sizing methods led to undersizing of the
steam drive and the resulting processing capacity limitation (see Figure 27) outweighed the economic
potential of the steam drive replacement (Figure 30) by far.

The presented technical and economic results varied significantly depending on the type and
operation of the CHP that served as a marginal steam source. Modern industrial CHP units usually
comprise a gas turbine-based combined cycle. If such a unit operates in a purely cogeneration mode
(no or minimal condensing power production), the resulting change in fuel consumption and power
production is different from that in Figure 30. Apart from the electricity production change due to the
steam balance shift on HPS and MPS levels, either (a) an increase in condensing power production
due to utilization of the saved HPS, or, (b) a decrease in the power output of gas turbine(s) and the
associated fuel consumption reduction can be observed. The way is chosen by the CHP managers
based on fuel costs compared to marginal power production cost in the combined cycle. In any case,
since the combined cycle is a more efficient marginal cogeneration steam source than a traditional steam
CHP, the resulting fuel consumption and CO2 emissions release is lower. This further accentuates the
need to analyze the marginal steam source operation carefully prior to steam drive sizing.

5. Conclusions

The presented method for process steam drive sizing comprises both process and steam network
including the marginal steam source operation assessment. A proper investigation of both process-side
and steam-side design and operation parameters is necessary and should precede the drive sizing itself.
Attention should be paid to key process parameters including the required power input and its hourly
and seasonal variability as well as the variability of the driven equipment frequency. Driving steam
quality and discharge steam pressure variations should be evaluated carefully, and their change due to
frictional pressure and heat losses from steam pipelines should also be assessed. Driving and discharge
steam pressure levels should be chosen according to the analysis of individual steam pressure levels’
operation range and their anticipated change resulting from steam drive implementation. Their effect
on the marginal steam source operation should be evaluated considering all previous findings.

The proposed method comprises process data evaluation and calculations in a linked MATLAB®

and Aspen Plus® environment. Thereby, the potential of MATLAB in process data analysis and results
evaluation and visualization is coupled with the ability of rigorous process simulation by Aspen Plus®.

The industrial case study comprised the replacement of the existing condensing steam drive by a
new backpressure one, driving the 1.25 MW compressor of the heat pump-assisted C3 fraction splitting
process. Application of the proposed method and comparison with the results obtained using methods
proposed by other authors revealed that:

1. Steam drive undersizing resulted from lower complexity of the sizing methods;
2. Neglecting the variable frequency of the driven equipment, frictional pressure losses, and the

steam drive efficiency loss at partial load operation could decrease the ability of the steam drive
to provide the power required for the process;
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3. The simplest sizing method combined with the ten-times-longer steam pipeline led to a C3
fraction splitting capacity decrease of around 20%, which was unacceptable.

Examination of the changes in the HPS and MPS network operation revealed that several capacity
bottlenecks could be removed by the steam drive replacement, but new ones could arise, which requires
active steam network management. The impact on the CHP operation included fuel savings of
up to 3.72 kt/year, and a CO2 emissions reduction of 11.13 kt/year at the expense of an additional
17.29 GWh/year of power purchased from outer grid compensating for the power production decrease
at the CHP. Warmer months’ contribution to this cost was negligible as the CHP compensated for
the lowered backpressure power production by the expensive condensing one. Despite this fact,
the proposed steam drive replacement exhibited a simple payback period shorter than two years.

Further method improvement will be aimed in future work with the focus on implementing
multi-objective optimization. The effects of steam drive implementation or replacement of the main
steam network operation should be examined and assessed more closely.
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Nomenclature

Abbreviations
BE balance equations
BL battery limit
C3 propane–propylene mixture
C3A propane
C3E propylene
Calc. calculated
CHP combined heat and power unit
COM component object model
Cond. condenser
CW cooling water
FCC fluid catalytic cracking
frac. fraction
HPS high-pressure steam
MPS middle-pressure steam
LPS low-pressure steam
N/A not applicable
NP not provided
PP polypropylene
prod. production
Reg. calculated based on statistic regression
SA sensitivity analysis
SS saturated steam conditions
WS wet steam conditions
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Symbols
a first parameter of polynomial regression, Figure 19 (kW−2)
A parameter, Equation (2) (kW)
b second parameter of polynomial regression, Figure 19 (kW−1)
B parameter, Equation (2)
c third parameter of polynomial regression, Figure 19
D diameter (m)
f shaft speed (rpm)
g gravitational acceleration, g = 9.81 m·s−2

h specific enthalpy (kJ·kg−1)
I intercept, Equation (1) (kW)
k slope, Equation (1) (kJ·kg−1)
K intercept, Equations (3), (13) and (14) (kg·s−1)
L length (m)
.

m mass flow rate (kg·s−1)
P power (kW)

pressure, Equations (4)–(6) (Pa)
.
qL length-specific heat flux (W·m−1)
w fluid mean transport velocity (m·s−1)
W net work (kW)
z geographical height (m)
Greek symbols
∝ heat transfer coefficient (W·m−2

·K−1)
dimensionless parameter, Equation (4)

∆ difference
ε specific mechanical energy (kJ·kg−1)
η efficiency
κ overall heat transfer coefficient (W·m−1

·K−1)
λ friction factor
ξ coefficient of local dissipation
ρ density (kg·m−3)
Subscripts

A ambient

d design

dis dissipation

F fluid

I insulation

IS isentropic
max maximal

mech mechanical

W wall
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30. Mrzljak, V.; Poljak, I.; Mrakovčić, T. Energy and exergy analysis of the turbo-generators and steam turbine
for the main feed water pump drive on LNG carrier. Energy Convers. Manag. 2017, 140, 307–323. [CrossRef]

31. Ng, R.T.L.; Loo, J.S.W.; Ng, D.K.S.; Foo, D.C.Y.; Kim, J.-K.; Tan, R.R. Targeting for cogeneration potential and
steam allocation for steam distribution network. Appl. Therm. Eng. 2017, 113, 1610–1621. [CrossRef]

32. Sanaye, S.; Khakpaay, N.; Chitsaz, A. Thermo-economic and environmental multi-objective optimization of a
novel arranged biomass-fueled gas engine and backpressure steam turbine combined system for pulp and
paper mills. Sustain. Energy Technol. Assess. 2020, 40, 100778. [CrossRef]

33. Sun, L.; Doyle, S.; Smith, R. Heat recovery and power targeting in utility systems. Energy 2015, 84, 196–206.
[CrossRef]

34. Sun, W.; Zhao, Y.; Wang, Y. Electro- or Turbo-Driven?—Analysis of Different Blast Processes of Blast Furnace.
Processes 2016, 4, 28. [CrossRef]

35. Tian, Y.; Xing, Z.; He, Z.; Wu, H. Modeling and performance analysis of twin-screw steam expander under
fluctuating operating conditions in steam pipeline pressure energy recovery applications. Energy 2017,
141, 692–701. [CrossRef]

36. Wu, L.; Liu, Y.; Liang, X.; Kang, L. Multi-objective optimization for design of a steam system with drivers
option in process industries. J. Clean. Prod. 2016, 136, 89–98. [CrossRef]

37. Wu, Y.; Wang, R.; Wang, Y.; Feng, X. An area-wide layout design method considering piecewise steam piping
and energy loss. Chem. Eng. Res. Des. 2018, 138, 405–417. [CrossRef]

38. Zhao, L.; Zhong, W.; Du, W. Data-Driven Robust Optimization for Steam Systems in Ethylene Plants under
Uncertainty. Processes 2019, 7, 744. [CrossRef]

39. Huang, Y.; Hou, W.; Huang, Y.; Li, J.; Li, Q.; Wang, D.; Zhang, Y. Multi-Objective Optimal Operation for
Steam Power Scheduling Based on Economic and Exergetic Analysis. Energies 2020, 13, 1886. [CrossRef]

40. Marton, S.; Svensson, E.; Harvey, S. Operability and Technical Implementation Issues Related to Heat
Integration Measures—Interview Study at an Oil Refinery in Sweden. Energies 2020, 13, 3478. [CrossRef]

41. Beangstrom, S.G.; Majozi, T. Steam system network synthesis with hot liquid reuse: II. Incorporating shaft
work and optimum steam levels. Comput. Chem. Eng. 2016, 85, 202–209. [CrossRef]

42. Min, K.-J.; Binns, M.; Oh, S.-Y.; Cha, H.-Y.; Kim, J.-K.; Yeo, Y.-K. Screening of site-wide retrofit options for the
minimization of CO2 emissions in process industries. Appl. Therm. Eng 2015, 90, 335–344. [CrossRef]

43. Bütün, H.; Kantor, I.; Maréchal, F. Incorporating Location Aspects in Process Integration Methodology.
Energies 2019, 12, 3338. [CrossRef]

44. Wu, Y.; Wang, Y.; Feng, X. A heuristic approach for petrochemical plant layout considering steam pipeline
length. Chin. J. Chem. Eng. 2016, 24, 1032–1037. [CrossRef]

45. Svensson, E.; Morandin, M.; Harvey, S.; Papadokonstantakis, S. Studying the Role of System Aggregation in
Energy Targeting: A Case Study of a Swedish Oil Refinery. Energies 2020, 13, 958. [CrossRef]

46. Chowdhury, J.I.; Hu, Y.; Haltas, I.; Balta-Ozkan, N.; Matthew, G., Jr.; Varga, L. Reducing industrial energy
demand in the UK: A review of energy efficiency technologies and energy saving potential in selected sectors.
Renew. Sustain. Energy Rev. 2018, 94, 1153–1178. [CrossRef]

47. Variny, M.; Blahušiak, M.; Mierka, O.; Godó, Š.; Margetíny, T. Energy saving measures from their cradle to
full adoption with verified, monitored, and targeted performance: A look back at energy audit at Catalytic
Naphtha Reforming Unit (CCR). Energy Effic. 2019, 12, 1771–1793. [CrossRef]

http://dx.doi.org/10.1016/j.apenergy.2019.01.005
http://dx.doi.org/10.3390/en11010119
http://dx.doi.org/10.3390/pr8050622
http://dx.doi.org/10.1134/S0869864318060136
http://dx.doi.org/10.1016/j.compchemeng.2013.02.007
http://dx.doi.org/10.13044/j.sdewes.d5.0167
http://dx.doi.org/10.1016/j.enconman.2017.03.007
http://dx.doi.org/10.1016/j.applthermaleng.2016.10.132
http://dx.doi.org/10.1016/j.seta.2020.100778
http://dx.doi.org/10.1016/j.energy.2015.02.087
http://dx.doi.org/10.3390/pr4030028
http://dx.doi.org/10.1016/j.energy.2017.09.128
http://dx.doi.org/10.1016/j.jclepro.2016.04.067
http://dx.doi.org/10.1016/j.cherd.2018.09.007
http://dx.doi.org/10.3390/pr7100744
http://dx.doi.org/10.3390/en13081886
http://dx.doi.org/10.3390/en13133478
http://dx.doi.org/10.1016/j.compchemeng.2015.10.016
http://dx.doi.org/10.1016/j.applthermaleng.2015.07.008
http://dx.doi.org/10.3390/en12173338
http://dx.doi.org/10.1016/j.cjche.2016.04.043
http://dx.doi.org/10.3390/en13040958
http://dx.doi.org/10.1016/j.rser.2018.06.040
http://dx.doi.org/10.1007/s12053-019-09808-9


Processes 2020, 8, 1495 41 of 42

48. Variny, M.; Furda, P.; Švistun, L.; Rimár, M.; Kizek, J.; Kováč, N.; Illés, P.; Janošovský, J.; Váhovský, J.;
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