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Abstract:

In energy or chemical engineering, a representation of highly complex processes is often only possible through
a simulation. Conducting experiments or building demonstrators is far too costly and time-consuming. Apply-
ing exergy-based methods is beneficial to reveal thermodynamic inefficiencies and to propose appropriate
optimization approaches for energy conversion processes. Therefore, teaching theory and software-based
application of such methods are essential in engineering study programs.

This paper presents a didactic concept for open educational resources on exergy analysis covering the in-
troduction to the exergy method, its distinction from the energy analysis, and its application to various case
studies. The course aims to combine thermodynamic understanding with numerical mathematics and object-
oriented programming. Students learn to build and run models of energy conversion systems and conduct
respective exergy analyses using the software Thermal Engineering Systems in Python (TESPy). The course
material is developed using Jupyter notebooks, which offer a flexible connection between theory and code.
Results are reproducible and can be tested and developed further by the open-source community.

The advantages of exergy-based methods can be illustrated by evaluating and visualizing real thermodynamic
losses using Grassmann or waterfall diagrams. Process understanding can be deepened further by parameter
analysis showing their impact on components and the overall process. Finally, the acquired knowledge is
transferred to more complex problems with multiple components or more than one product.
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1. Introduction and Motivation

In the last years, particularly since the start of the COVID-19 pandemic, the need for using electronically-based
teaching materials has increased. Nevertheless, the didactic concepts for teaching events have also changed
fundamentally in a concise time [1, 2]. Specific methods, e.g., flipped/inverted classroom, were previously
only used by an interested group of lecturers and played a subordinate role. The pandemic has significantly
accelerated the development and led to the increased use of numerous previously underrepresented didactic
methods. As a result, the didactic quality of teaching courses was improved almost imperceptibly, especially in
the field of engineering.

But what principles should be applied to the design of a lecture or seminar at a university today? Von Thun [3]
gives some advice on this. He considers the development of one’s own design principles as fundamental, which
correspond to the requirements and possibilities of your subject, your contents, and your person. The lecture
or seminar should not only be given but also created. Developing those design principles is an exciting and
valuable part of the professional biography of a university teacher.

When designing a course, it is necessary to determine which competency goals are to be achieved. According
to Anderson and Krathwohl [4] there are six categories of cognitive process dimensions to choose from:
first remember, second understand, third apply, fourth analyze, fifth evaluate, sixth create. Many courses at
universities, especially introductory classes, usually are within the third category. However, the study’s goal
should be to reach the 6th level, i.e., to plan a research paper on a given topic, i.e., to work scientifically on
one’s own. Concerning engineering sciences, it is, therefore, essential to get into independent practice-relevant
action as early as possible in the curriculum, e.g., to be able to program independently.
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In engineering programs, especially in the field of energy and chemical engineering, thermodynamics is a
fundamental discipline. In many of these courses, the exergy concept [5-9] is taught to aspiring engineers as a
helpful and powerful tool. In this context, the conclusive teaching of the concept is one of the major challenges
for the lecturers. There needs to be more than a conventional thermodynamics lecture to make the students
apply the exergy concept and explore exergy. Following the previous remarks, we need at least one more
advanced course for teaching the exergy concept. Independent activities such as programming should be
included. The students must be enabled to apply general principles of thermodynamics independently, evaluate
them, and finally, create energy conversion processes independently according to the given requirements and
check them with the help of exergy-based methods.

In today’s highly interconnected and globalized world, it should be widely accepted that research and teaching
are not the exclusive preserve of established societies or segregated groups with limited social access. Indeed,
even in the beginnings of the universities in the Middle Ages, admission restrictions were unusual [10, 11].
Ultimately, the composition of the student body was shaped by social realities, such as the exclusion of women.
Of course, numerous social barriers have been dismantled in the meantime. That it is nevertheless not self-
evident is shown by the 4" United Nations Sustainable Development Goal': “Ensure inclusive and equitable
quality education and promote lifelong learning opportunities for all.” Addressing lifelong learning shows a
need to make knowledge and knowledge transfer accessible to all without barriers, even outside appropriate
institutions. For example, this can be made possible through a digital offering independent of end devices. Free
and open-source access should be a standard feature.

Furthermore, in research projects funded by third parties, work is often expected today to be transdisciplinary.
Consequently, social shareholders are also involved, and data and results should be available to everyone for
subsequent use. For such cooperative collaboration across spatial or temporal distances, several technical
solutions (cloud, git, web) exist today that enable participation and curation in various forms simultaneously.
Remember, understand, apply, analyze, evaluate, and create no longer necessarily have to take place in the
lecture hall or seminar room on the chalkboard.

An online course was developed based on the findings formulated up to this point. The open educational
resources on exergy analysis covering the introduction to the exergy method, its distinction from the energy
analysis, and its application to various case studies. The interactive digital learning experience offered to
students in the course described here is a building block in the development of professional competencies for
future engineers.

The present contribution is structured as follows: A didactic concept for the developed online course is presented
in the next section. Information about the online implementation based on Python and Jupyter Notebooks
is collected in Section 3. Some illustrative results from the course material are shown in the results section,
followed by the conclusions.

All developed materials and used libraries are available on a free and open-source basis. If researchers,
practitioners, teachers, or students use the content, the CC BY 4.0 guidelines? should be respected. The
prepared content can be accessed online in a textbook format.® Furthermore, everyone is invited to join the
developer team, share ideas and suggestions, or even bug reports via the GitHub repository.*

2. Didactic Concept
2.1. Target Group, Prerequisites and Integration into Curriculum

The course is intended for students in undergraduate engineering programs, especially power engineering,
process engineering, and chemical engineering. In addition, the course can be a possible advanced training,
since it is available in an open-source form. Nevertheless, the content is not primarily aimed at that, meaning
that examples could seem too simple for a practitioner.

Students should already completed coursework in basic mathematics, thermodynamics, and object-oriented
programming knowledge. Furthermore, they should be familiar with the purpose of using apparatus and
machines as well as processes of energy engineering. Finally, they are expected to be interested in going
deeper into the exergy concept.

Consequently, the course fits into the curriculum of the study program according to Figure 1. In deviation from
the illustration, it is conceivable that the course is offered in the third or fourth semester. In any case, the stated
prerequisites should be taken into account. The advantage of an early start of the course is the practice-oriented
relevance of the contents. Thus, a hands-on mentality is developed, and the students are taught the relevant
engineering skills at an early stage. They learn to solve problems in teams and practice modeling, programming,

"https://sdgs.un.org/goals/goal4
2https://creativecommons.org/licenses/by/4.0/
Shttps:/fwitte.github.io/ TESPy_teaching_exergy/
4https://github.com/fwitte/ TESPy_teaching_exergy
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and scientific computing. Also, they get familiar with from scratch process design and find alternative solutions.
Finally, the students further develop existing structures.

5th to 6th | Understanding exergy
semester using TESPy

3rd to 4th Heat Turbo- Energy engineering (including

semester transfer || machines || applications of exergy analysis)

1st to 2nd Linear Thermodynamics (including Computer science Numerical
semester Algebra || fundamentals of exergy analysis) and programming mathematics

Figure 1: Integration into the curriculum of a typical engineering undergraduate program

2.2. Learning Outcomes

After finishing the course, the students are familiar with the basics of steady-state process simulation and know
different methods for calculating the thermodynamic properties of substances. Also, they can build, initialize and
solve process flowsheets independently, using the software Thermal Engineering Systems in Python (TESPYy)
as a process simulation tool for modeling, calculating, and analyzing complex energy engineering processes
and interpreting the results obtained. The participants identify and solve problems that occur during process
simulation and can independently use aspects of the exergy concept for their future research questions. They
are familiar with physical and chemical exergy and the splitting of physical exergy. They can evaluate processes
and components with the help of exergy analysis and exergy-based parameters and present the analyses
graphically. Finally, using a version control system, the students apply group work methods such as team
communication, milestone processing, and cooperative programming.

In their best efforts, students complete the module by adding new elements to the existing course, and thus
reach the highest level of competence according to Anderson and Krathwohl [4], see Section 1.

2.3. Content and Competencies

Following the course content of fundamentals of thermodynamics and energy conversion, the focus is on
simulating single state changes, simple cycles, and complex energy conversion systems. At the same time, the
participants will practice methods of exergetic process evaluation.

The mathematical representation of individual components of energy engineering processes, e.g., heat ex-
changers, pumps, turbines, waste heat boilers, steam generators, condensers, is subsequently combined into
the representation of overall processes, e.g., gas turbines, gas and steam turbine power plants, steam power
processes, and integration of renewable energy sources. The methods of setting up process simulations, solving
mass and energy balances, and calculating thermodynamic property data are covered. The simulation program
used is the free and open-source software TESPy, see Section 3.

The work can be done individually or in small groups. We recommend working in teams of 2 to 3 people to
intensify social skills and test suitable collaboration methods. Figure 2 shows the distribution of the competence
fields addressed during the course. Depending on the individual characteristics of the course, shares may shift
slightly.

I Knowledge and understanding

@ Analysis and methodology
I Development and design

w W Application and practice
O Social competence

Figure 2: Pie chart showing the competency fields addressed in the progress of the course.
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2.4. Schedule

The Gannt chart in Figure 3 shows a sample schedule for designing the class for one semester (2 contact hours
per week). In its first version, the course includes four sections and three milestones. The kick-off meeting
can include a get-to-know-you and orientation session if the students work in teams. Afterward, there is the
possibility to configure the own hardware and run tests regarding the functionality of the libraries to be used.

Semester, 15 Weeks
1[2]3]4]5]6][7[8]9]10]11][12[13][14]15
Kick-Off Meeting |-e
Presentation of First Results -
Final Presentation -
1. Getting Started pr— Comm
Setup and Run Test mmm
Repetition on Exergy Method I
2. Components P———
Adiabatic Pipe Flow | © | mmm
Heat Exchanger ' [
Compressed Air Production [S]
3. Simple Cycles P———
Clausius Rankine : ] :
—

Heat Pump
Gas Turbine
4. Processes ‘ P—
Electrolysis Heat Recovery a |
ORC Combined Heat and Power | —

Figure 3: Gannt chart showing the possible progress of the course in one term.

In the second section, students are encouraged to investigate thermodynamic fundamentals for simple ap-
plications and program them independently. All analyses are carried out at the component level and usually
involve exactly one thermodynamically describable change of state. With the help of simple exergetic analyses
based on the solution of the mass and energy balances and simple graphical evaluations, differences between
energetic and exergetic descriptions can be made easily understandable.

In the second section, the students will partially write down the correlations in an elementary way and later
moving forward to a object-oriented programming. The advantages of a Python library (e.g., TESPy) become
clear with the transition from the second to the third section.

In the third section of the course, the exergy analysis is to be applied to simple multi-component systems. At the
latest in this section, the students should be aware of the advantages of the exergy-based evaluation compared
to a purely energetic consideration. A further focus is then on the graphical evaluation of the results. How can
the findings be visualized in the best possible way? The students can try out various approaches independently
here.

Since the interaction of several components is now being investigated, the focus is on how the components’
properties impact the overall process. For instance, which components significantly influence the exergy
destruction of the overall process and why. It is necessary to determine which thermodynamic parameters are
the most important for improving the overall process.

The last section examines complex processes with more than one product. If a process provides different forms
of energy as products, for example electricity and district heating, an energy-based assessment of the quality of
the overall process is misleading. Exergy is the only way to ensure comparability of the different material and
energy flows. The students are to conduct these evaluations for processes such as heat recovery in electrolysis
or processes with combined heat and power.

2.5. Further Reading, Online Tutorials, Hardware, Software

During their work the students can use several textbooks or online tutorials for fundamental or further reading.
We recommend the following:

» Thermodynamic fundamentals [12, 13]
» Exergy concept [6-9]

+ Python [14] and Jupyter Notebooks [15]
» TESPy [16-18]
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For scientific computing in Python environments, it is a convenient option to use ready-made distributions
that integrate relevant packages and library management in a user-friendly way. A simple start succeeds with
miniforge®, available for all current operating systems. To edit and run the code students can install a code editor
such as Pycharm® (free of charge for university members) or Visual Studio Code” or run a local server allowing
them to work in a browser. The online documentation of the course includes all relevant installation instructions.

3. Implementation

In recent years, there has been a concern [19] in the energy system analysis community, among others, with
the public provision of data and publicly funded research’s traceability. Various initiatives are engaging in this
area, developing free and open-source work paradigms and taking them into other domains. Aspects initially
discussed only in research are spilled into teaching. For example, the Journal of Open Source Education [20]
specifically addresses lecturers to publish online educational resources connected with free and open-source
software. In a proposal, Morrison [21] formulates the idea of combining publicly available data and voluntary
contributions from experts into a “student-centered” energy system model for education. The actual energy
system model will be programmed in Julia, and the workflow will be set up in Jupyter. It is explicitly not a
web-based scenario generator or gamification exercise. The students will perform exercises in a curated way
and develop the code of the energy system model piece by piece.

Inspired by these ideas, the present course for energy technology and exergy analysis was developed. In
particular, the idea for the structural content and the technical project architecture is based on Morrison’s
proposal. The entire content of the course is embedded in a Python-based structure. The prepared content
can be accessed online in a textbook format® and the source files are available through the respective GitHub
repository.® Figure 4 shows the implementation.

ZeroMQ

Python Libraries

Gl [oower]
CoolProp
NumPy
matplotlib

GitHub Repository
(local clone)

Figure 4: Implementation of the resources into a Python-based architecture including a powerful and user-
friendly front-end

The files'® are provided as a Jupyter notebook. It is an editable format where not only Python code is stored and
can be executed, but visualization, markdown, and collaboration capabilities exist. Consequently, this format is
particularly suitable for course formats like the one presented here. Outlines can be created, and text can be
formatted, images and videos can be added, mathematical formulas and referencing can be used.

To create their own code, students can download the Jupyter files to their machine and locally run a Jupyter
server, which allows to access a Python kernel and run their code in the browser or in code editors.

The open-source software TESPy [16] is used for the component-based simulation of the considered energy
conversion processes. The software is developed as part of the open energy modeling framework (oemof) in
the scientific field and by industrial users.!" The user can build up arbitrary thermodynamic processes from
single predefined components like heat exchangers, compressors, valves, or turbines. In addition to heat
pumps, geothermal or solar thermal power plants, heat networks, or chillers can also be mapped. The software

5https://github.com/conda-forge/miniforge
Shttps://www.jetbrains.com/community/education/#students
7https:/code.visualstudio.com/
8https:/fwitte.github.io/TESPy_teaching_exergy
9https:/github.com/fwitte/ TESPy _teaching_exergy

10file extension .ipynb

"https://oemof.org
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accesses the likewise open-source substance properties database CoolProp [22]. Detailed documentation with
more examples and tutorials is available for the software.'?

Following process simulation and design, exergy analysis can be used to identify sources of thermodynamic
losses. The exergy analysis is performed automatically. Only the exergetic fuel, product, and loss of the overall
process have to be passed to the tool [17, 18]. Furthermore, the simulation models can be combined with
optimization methods [23].

4. Featured Course Material

The course is based on three relevant pillars whose approach enables change management and innovation
processes in their respective disciplines or application areas. The three pillars are

* object-oriented programming with Python,
+ steady-state power plant simulation with open-source software (TESPy, CoolProp), and
» thermodynamic evaluation using exergy-based methods.

As a consequence, the contents of the course lead to the conclusion that these three pillars can be interlinked
with each other exceptionally well for prospective engineers to teach the exergy concept. We want to summarize
this by presenting selected tasks from the course and illustrating the results comprehensibly.

Within all listed thermodynamic models below we assume steady-state processes, all components are adiabatic,
there are no pressure losses in the heat exchangers, and changes in kinetic and potential energies can be
neglected. Ambient conditions are set to To = 25°C and py = 1.013 bar. For the calculation of chemical exergies
the model of Ahrendts [24] is used. The corresponding flow diagrams and parameters of the processes can be
found in Figures 5, 8, 11, and 12 as well as Tables 1, 2, and 3. Due to space limitations, not all source codes
are given below. All tasks and solutions can be obtained from the git repository.

4.1. Highlight 1: Adiabatic Pipe Flow

Consider a well insulated pipeline transporting a fluid, i.e., water steam or air. The state change from 1 to 2
because of friction can be described as an adiabatic throttling valve as shown in 5.

Figure 5: Flowchart of adiabatic pipe flow

Table 1: Adiabatic pipe flow parameters

Parameter Symbol  Unit Value
Inlet temperature T; °C 195
Inlet pressure P1 bar 10
Constant (or varying) outlet pressure  po bar 6 (or ps ... po)
Mass flow rate my kg/s 1

First, setting up the parameters of the pipe flow and calculating the inlet enthalpy, if necessary install CoolProp.'3
from CoolProp.CoolProp import PropsSl as PSI

fluid = "water"

p-in = 10 » 1e5

T_.in = 195 + 273.15

h_in = PSI("H", "P", p_in, "T", T_.in, fluid)

p_out = 6 « 1eb
Considering the above assumptions, and the energy balance, we determine the outlet temperature for isenthalpic
throttling using CoolProp.

h_out = h_in
PSI("T", "P", p_out, "H", h_out, fluid) - 273.15

2https://tespy.rifd.io
13As an alternative a simple, full-featured, lightweight CoolProp wrapper for Python is available via https:/pypi.org/project/pyfluids/.
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Subsequently, the following exercises, among others, can be performed. Implementing a function that splits
the physical exergy in its thermal and mechanical parts [25]. Creating a plot showing how the thermal and
mechanical exergies are affected within a range from ambient pressure to inlet pressure. And re-performing the
tasks by using air instead of water steam.

Using a Python function the calculation of thermal and mechanical exergy can be performed for different
temperatures, pressures and fluids.

def calc_splitted_physical_exergy(p, h, p0, TO, fluid):

r"""Calculate specific physical exergy according to splitting rule."""

s = PSI("s", "p", p, "H", h, fluid)

h_TO.p = PSI("#", "P", p, "T", TO, fluid)
s.-TO_.p = PSI("s", "p", p, "T", TO, fluid)
ex_therm = (h - h.TO_.p) - TO = (s - s_TO_p)
ho = PSI("H", "p", p0, "T", TO, fluid)

s0 = PSI("s", "p", pO, "T", TO, fluid)
ex-mech = (h_.TO.p - h0) - TO « (s_-TO_p - s0)
return ex_therm, ex_mech

ex_T_.in, ex_M_in = calc_splitted_physical_exergy (p.in, h.in, p0, TO, "water")

Figure 6a and 6b show the difference in the values between inlet and outlet of the thermal and mechanical
exergies, representing the corresponding exgery destruction in the pipe flow for varying pressure ratios. Note
the different scales of the y-axes. The thermal exergy of water steam changes by up to 300 kW, while the
mechanical exergy difference is 0.9 kW at maximum. For air the thermal exergy difference reaches a maximum
of around 0.5 kW, the mechanical exergy changes up to 200 kW.

300 09 _. _ 05 200 .
= 2 Z 2
iy =q o i 1190 =
Ty 200 -10.6 I T )
I ‘ I 025 100 |
[ = = =g
w100 0.3 w W
It o I Il = -1 50 I
) L =0 T 0o
. 0 1 0 W = 0 | | | | | | | 0 W
o1 2 3 4 5 6 7 8 9 o1 2 3 4 5 6 7 8 9

Pressure loss whithin pipe, p1 — p2 [bar]
(b) Air

Pressure loss whithin pipe, pi — p2 [bar]
(a) Water steam

Figure 6: Thermal and mechanical exergy destruction within the the pipe for varying pressure losses

The fundamental difference of the substance characteristic leads to the fact that the exergy destruction for water
steam in the pipe flow is mainly triggered by a decrease of the thermal exergy. In the case of air, the mechanical
exergy decreases significantly more.

A comparison of the exergy destruction rate for the pipe flow of water steam and air is shown in Figure 7. The
ratio of both exergy destruction rates is almost constant and is about 1.5.

gSOO T T T
E 200 |- X\gftersteam |
Llli 100 |- .

o 1t 2 3 4 5 6 7 8 9
Pressure loss whithin pipe, p1 — p2 [bar]

Figure 7: Exergy destruction for water steam and air within the adiabatic pipe flow

Lessons Learned from this task:

* Physical exergy of a mass flow can be split into a thermal and a mechanical part.
+ At the same pressure and temperature, the shares of thermal and mechanical exergies depend on the
working fluid.
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4.2. Highlight 2: Open-Cycle Gas Turbine

A simple gas turbine model should be developed within this task. Compressed ambient air is mixed up with
methane. The gases after the combustion are used in a gas turbine expander to supply mechanical, respectively
electrical energy.

System Boundary

AC Air Compressor
ccC Combustion Chamber
EXP Expander
G Generator
SRC-A  Source, Air
Wel SRC-F  Source, Fuel
SNK-E  Sink, Exhaust

Figure 8: Flowchart of open-cycle gas turbine

Table 2: Open-cylce gas turbine parameters

Parameter Symbol  Unit Value
Net power output Wiet MW 150
Air compressor, isentropic efficiency 7)s,AC - 0.85
Air compressor, pressure ratio bAC - 18
Combustion chamber, thermal efficiency  ncc - 0.98
Combustion chamber, pressure ratio hco - 0.95
Expander, isentropic efficiency Ns.AC - 0.9
Expander, inlet temperature Ty °C 1400
Expander, outlet pressure Ps bar 1.013
Fuel, inlet pressure Ps bar 20
Fuel, inlet temperature T3 °C 25
Fuel, mass analysis? Yituel - (...,1.0)
0.7551
0.2314
Air, mass analysis? jai - 0.0129
3 y yl,all’ 00006
0.0
0.0

2 All fluid compositions are given as yi = (Y, Yo, Yars Y60, ¥i,0 YCH4)T

TESPy is used to set up the thermodynamic model of the gas turbine. The solution is carried out for the full load
case. The documentation of the source code can be found in the appendix.

A parameter study should be performed based on the results for the air compressor pressure ratio and
expander inlet temperature. The solution is a multiple run of the simulation above, while varying pressures and
temperatures.

Figure 9 depicts a parameter plot for the given gas turbine system varying expander inlet temperature from
900°C to 1400°C and the air compressor pressure ratio from 5 to 30. The reference point corresponds to
the data from Table 2. For the plot only the marked points were calculated, the lines in between are linear
regressions. If necessary, the accuracy of the graph can be increased by performing more calculations. An
optimal combination of expander inlet temperature and pressure ratio exists to maximize the specific work and
the efficiency of the gas turbine.
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Figure 9: Gas turbine parameter plot for varying expander inlet temperature air compressor pressure ratio

However, with this initially only energetic evaluation of the process, based on the specific power and the net
efficiency, the real thermodynamic losses cannot be quantified and the performance of the system components
cannot be compared with each other. The exergy analysis answers these open questions.

In case TESPy is used for the simulation of the thermodynamic performance, an exergy-based evaluation can
be carried out using the class ExergyAnalysis. The students have to set up the exergy flow rates crossing
the system boundary and define the exergetic fuel, the exergetic product and the exergetic loss of the overall
process.

The busses for the net work rate and the fuel input are already defined. In case of fuel the chemical exergy must
be considered. Additionally, an exergy loss bus must be defined for the exhaust gas.

The generic exergy analysis of TESPy can be set up within a few lines of code, defining the above mentioned
exergy flow rates and the ambient conditions.
from tespy.tools import ExergyAnalysis

ean = ExergyAnalysis(gas_turbine, E_.P=[work_net], E_.F=[ex_fuel], E_L=[ex_loss])
ean.analyse (pamb=1.013, Tamb=25)

The graphical evaluation of the exergy analysis can be done, for example, with a waterfall diagram. Penkuhn
et al. [26] show this for a cogeneration plant. Another form of visualization is the representation of exergy
rates in a Sankey diagram, often called a Grassmann diagram.'* The exergy analysis results are linked to the
representation of the process flow diagram. The different material and energy streams of the flowsheet are
brought to a uniform basis with the help of the exergy. The width represents the exergy rate. In addition, the
exergy destruction is directly assigned to each component. Figure 10 shows this for the gas turbine process
under investigation. The highest exergy destruction rate occurs in the combustion chamber, followed by the
expander and air compressor. The exhaust gases represent an exergy loss for the overall process.

fuel combustion chamber

Ep

E
E

E

turbine

work rate

air compressor

Figure 10: Grassmann diagram of gas turbine process showing the results of the exergy-based assessment

14Grassmann [27] transferred the idea of Sankey to the exergy concept. Exergy flow diagrams are therefore associated with his name.
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The light tint indicates physical exergy, and the dark tint indicates chemical exergy, for example, visible in the fuel
exergy flow rate or the exergy flow rate between the combustion chamber and the expander. It can be observed
that all flows are either nearly pure chemical or pure physical exergy.

Lessons Learned from this task:

» Learn that TESPy can do a lot of work for you.
» Relevant thermodynamic process parameters identified and numerically evaluated.

 Applied exergy analysis for a simple process for the first time, and identified the locations and magnitudes
of real thermodynamic inefficiencies.

4.3. Highlight 3: Process Design Study for a Combined Heat and Power Plant

This example contains a process design study. A proposal for a power plant to supply electricity and district
heating is to be developed. The heat source is a geothermal field.

The design proposal is to be modeled, simulated, and evaluated independently by the students. The design
based on the principle of cogeneration is to be compared with a process design with complete condensation
operation (without heat extraction). For this purpose, the energetic and exergetic efficiency of the overall process
will be defined.

_ I/-Vnet + ODH

i (1)

oo Wnet + (EFL - ERL)
E - E
All predefined parameters and boundary conditions can be found in Figure 11 and Table 3.

Products

! Electricity
Whet > 80 MW

H,0

m1 =500kg/s
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x1 =0.45

QpH = 400 MW
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:
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Figure 11: Process design study for a combined heat and power plant to provide electricity and district heating.

The following subtasks are to be solved within the scope of the assigned problem: Selection of suitable working
fluids and selection and reasoning of the use of thermodynamic properties models for the simulation; creation of
a process design, modeling, and simulation in TESPy; definition and use of relevant variables for the evaluation
of the process designs and subsequent comparison and discussion.

There is no generally valid standard solution for solving this task. Two possible designs with and without heat
extraction are shown in Figure 12. In both variants, the heat flow of the liquid part of the geothermal fluid is
absorbed by an upstream organic Rankine cycle (ORC) and used to produce electricity. The steam phase is
expanded in a steam turbine. In the case of simultaneous provision of district heating, a heating condenser with
preheating follows before the geothermal fluid is returned. In the design for electricity generation only, a second
ORC is inserted after the steam turbine.

Both process designs are simulated and compared both energetically and exergetically. The results are shown
in Table 4. According to Eq. (1), the energetic evaluation treats two different energy flows (electricity and heat)
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Table 3: Process design study specifications and constraints

Component Parameter Unit  Value
Auxiliary installations  Electrical power requirements MW 3
Generators Mechanical-electrical efficiency - 0.985
Motors Electrical-mechanical efficiency - 0.975
Steam turbines Isentropic efficiency - 0.9
Mechanical efficiency - 0.99
Minimum steam quality - 0.9
Pumps Isentropic efficiency - 0.8
Mechanical efficiency - 0.99
Heat exchangers Minimal temperature difference  liquid-liquid K 10
liguid—condensing K 5
liquid—steam K 20
liquid—gaseous K 25
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Figure 12: Flowcharts of possible process designs
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equally. The efficiency is significantly higher in the case of heat extraction. It gives the impression that the
process is much closer to the thermodynamic optimum, which is not the case, as the comparison of the exergetic
efficiencies shows. Here, both exergetic products can be directly converted into each other. The result is that
the process designs have approximately similar range of exergetic efficiencies, and therefore the misestimation
of the energetic evaluation can be revealed.

Table 4: Comparison of energetic and exergetic efficiency for developed process designs

Process design Energetic efficiency n [%] Exergetic efficiency ¢ [%]
Geothermal combined heat and power plant 80.4 70.3
Geothermal power plant 19.0 62.8

Lessons Learned from this task:

» The exergy analysis assists in the selection and improvement of a suitable process design.
« Different material and energy streams can be consistently evaluated based on exergy.
« Various process designs with different fuels or products remain comparable with the help of exergy.

5. Conclusion

The idea presented in this article is based on the notion that research and teaching should be accessible to all
with as few barriers as possible. At the same time, the paper addresses the exergy concept, one of the essential
analysis tools of thermodynamic engineering. Object-oriented programming with Python, particularly steady-
state power plant simulation with open-source software, is linked to exergy as an established thermodynamic
quantity in the concept presented.

A modular structure is developed to facilitate the integration of the resources into existing courses and for
self-learners to choose their appropriate entry point. The modular structure covers exergy analysis of single
component operation as the entry-level, where the fundamental understanding of the exergy concept is conveyed.
Based on that, students will learn to model simple thermodynamic cycles and to carry out first and second-
law analyses by evaluating the simulation results. It is further supported by applying parametric analysis to
understand the connection between individual component parameters to the thermodynamic performance of the
overall process.

Further processing possibilities arise from the potential integration of additional exercises, the extension to the
exergoeconomic analysis [28], the exergoenvironmental analysis [29], or the advanced exergy analysis [30].
At the same time, all interested students, researchers, and practitioners are invited to try the course, and to
contribute by making comments or reporting bugs and developing it further collaboratively.
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Nomenclature

Abbreviations

A Air
AC Air compressor
CC Combustion chamber
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CD Condenser
CL Coolant

D  Drum

DH District heating
E  Exhaust
ECO Economizer
EXP Expander

EV Evaporator

F  Fuel

FL Feedline

G Generator
GF Geothermal fluid
GT Gas turbine
M Motor

ORC Organic Rankine cycle
P Pump

SEP Separator
SNK Sink

SRC Source

ST Steam turbine
T  Turbine

RL Return line

Letter symbols

Exergy rate, W
Enthalpy rate, W
Mass flow rate, kg/s
Pressure, bar

Heat rate, W

Ratio, —
Temperature, °C
Specific work, kJ/kg
Work rate, W
Quality, —

Mass fraction, —

> §.§ -4 Y QOT I M

=<

Greek symbols

A Difference
e Exergetic efficiency
n  Energetic efficiency

Subscripts and superscripts

0 At ambient state
D  Destruction

F  Fuel

i Stream

p  Pressure
P Product

s lIsentropic
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A Appendix: Open-Cycle Gas Turbine — TESPy Source Code

from tespy.networks import Network

from tespy.components import (Sink, Source, Compressor,

from tespy.connections import Connection, Bus

# general configurations
# substances, fluids , network, units
fluid_list = [°N2°, ’02°, ’Ar’, °C02’, *H20°, ’CH4’]

gas_turbine = Network(fluids=fluid_list, p_unit="bar’, T_unit="C’,

# composition of given fluids

air = {’N2’: 0.7551, >02’: 0.2314, >Ar’: 0.0129, °c02’: 0.0006,
fuel = {’N2’: 0, ’02’: O, ’Ar’: O, ’Cc02’: O, ’H20’: O, ’CH4’: 1}
# define sources and sinks

src_air = Source(’air’)

src_fuel = Source(’fuel’)

snk_exhaust = Sink(’exhaust’)

# define components

cmp.AC = Compressor(’air compressor’)

cmp_CC = DiabaticCombustionChamber(’combustion chamber’)
cmp_EX = Turbine(’expander’)

# define connections

c1l = Connection(src-air, ’outl’, cmp.AC, ’in1’, label="1")

c2 = Connection(cmp.AC, ’out1’, cmp.CC, ’in1’, label=’2")

c¢3 = Connection(src_fuel, ’out1’, cmp.CC, ’in2’, label=3")

¢4 = Connection(cmp.CC, ’out1’, cmp.EX, ’in1’, label=’4")

c5 = Connection(cmp_EX, ’out1’, snk_exhaust, ’in1’, label="5")

# add connections to network
gas_turbine.add_conns(cl1, c2, c3, c4, c5)

# parameter of components
cmp-AC. set_attr (eta_.s=0.85, pr=18)
cmp_CC. set_attr (eta=0.98, pr=0.95)
cmp-EX.set_attr (eta-s=0.9)

# parameter of connections
cl.set_attr(p=1.013, T=25, fluid=air)
c3.set_attr (p=20, T=25, fluid=fuel)
c4.set_attr (T=1400)
c5.set_attr(p=1.013)

# busses
work_net = Bus(’work netto’)
fuel_in = Bus(’fuel input’)

work_net.add_comps (
{’comp’: cmpAC, ’base’: ’bus’, ’char’: 1},
{’comp’: cmp_EX, ’char’: 1})

fuel_in.add_comps(
{’comp’: cmp_-CC, ’base’: ’bus’})

gas_turbine.add_busses(work_net, fuel_in)

# parameter of busses
work_net.set_attr (P=-150e6)

# solve network
gas_turbine.solve(’design’)

# print network results
gas-_turbine.print_results ()
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