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Abstract

Fuel cells are one of the cleanest ways of generating electricity, and as they the gain in popularity, the
waste heat recovery (WHR) of these systems becomes increasingly more important. This is because
it’s possible to reuse this waste heat that the system produces for the purpose of reaching a higher
overall efficiency for the entire system. Certain fuel cells, such as a proton-exchange membrane fuel
cells (PEMFC), can operate at low temperatures with an efficiency close to 60%, making them well
suited for non-stationary applications such as vessels or vehicles. The approximated energy loss, of
40%, for these fuel cells are in the form of dissipated heat at a low temperature of 75 °C. The aim

of this project was to develop a WHR system for the low temperature waste heat dissipated from a
PEMFC. For this project the waste heat of a 300kW PEMFC is used. The report documents the con-
cept selection process, design and simulation of the selected concepts. To analyze, eliminate and select
solution concepts, thorough research of the scientific literature on low temperature WHR systems was
conducted and the three final concepts were compared with a Pugh matrix. The concepts were eval-
uated on efficiency, production cost, ambient conditions, maturity and physical dimensions. The two
concepts that were deemed the most viable and practical solutions concepts were the Organic Rank-
ine Cycle (ORC) and the Thermoelectric generator (TEG). The concepts were further developed and
evaluated with the help of running simulations of the WHR, systems in MATLAB Simscape and COM-
SOL Multiphysics, as well as designing 3D models of the systems in CATIA V5 and Autodesk Inventor.
From the simulations of the selected concepts, the ORC proved to be more efficient at recovering heat
with an overall system efficiency gain of 5 percentage point and an electrical output of 25kW. TEG
has a comparatively low power output for its size as well as a high installation cost and requirement of
low thermal fluid pressure. However, as the ORC entail more moving parts, as well as a working fluid,
its operating process is more costly than the TEG’s. The project concluded that the ORC is the most
efficient and viable solution concept for WHR, however, the TEG concept holds the potential of achiev-
ing a much better efficiency rating with potential development in the semiconductor area and further
optimization.



Sammandrag

Brénsleceller ar en av de mest miljévanliga metoderna att producera elektricitet. Detta gor att de blir
mer och mer populédra, samt att problematiken kring bransleceller blir viktigare att hantera. Prob-
lematiken grundas i dess verkningsgrad, samt den laga temperaturen som den producerade varmen har,
vilket gor den svarare atervinna for att saledes 6ka systems effektivitet. De proton-exchange membrane
(PEM) brénsleceller som anvéndas idag har en verkningsgrad pa ungefar 60%. Detta, tillsammans med
att de fungerar vid laga temperaturer, gor att de lampar sig specifikt for icke-stationéra applikationer,
sa som fartyg och/eller fordon. De resterande 40% av verkningsgraden gar forlorad, i huvudsakligen

av spillviirme med laga temperaturer (runt 75 °C). Malet med detta projekt ar darfor att utveckla ett
koncept, vars syfte ar kunna ta vara pa och atervinna spillvirmen, och pa sa séatt cka den allménna
verkningsgraden av systemet.

Projektet utgar fran en PEM bréanslecell med en effekt pa 300kW. Med denna som utgangspunkt genomfor-
des en sallningsprocess av olika 16sningskoncept, de som verkade mest lovande blev &ven designade och
simulerade. Sallningen grundades forst i litteraturstudier inom relevanta dmnen, vilket eliminerade ett
storre antal av de genererade l6sningskoncepten. For att sedan fa fram det mest lovande konceptet av
de koncepten anviands en Pugh-matris. I matrisen utvarderades verkningsgrad, produktionskostnad,
installations forhallanden, mognadsgrad och fysiska dimensioner. Efter denna jamforelse bedomdes

det att det var den Termoelektriska generatorn (TEG) och den Organiska rankinecykeln (ORC) som
var bast kvalificerade for att atervinna restviarme med laga temperaturer. Med hjalp av simuleringar

i MATLAB Simscape och COMSOL Multiphysics, samt med 3D modeller i CATIA V5 och Autodesk
Inventor, kunde de tva koncepten utvecklas vidare och utvarderas. Simuleringarna visade att ORCn
hade hogst verkningsgrad for restvirmeatervinning, med en 6kad verkningsgrad av hela systemet med
5 procentenheter, och en elektrisk nettoproduktion pa 15kW. TEGn hade i stéllet en lagre produktion
av elektricitet, vilket resulterade i en betydligt lagre okning av systemets verkningsgrad. Detta, till-
sammans med de hogre installationskostnaderna, gjorde att det slutligen blev ORCn som ansags vara
den bésta losningen idag. Dock, d&ven om ORCn &r béttre idag har den dven fler rorliga delar och en
arbetsvéska vilket bidrar till hogre driftkostnad &n TEGn, vilket gor att TEG har potentialen att fa en
avsevard hogre verkningsgrad i samband med fortsatt forskning och utveckling inom halvledare.
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1 INTRODUCTION Waste Heat Recovery for Fuel Cells

1 Introduction

With a rise of population, the demand of energy is constantly increasing. At the same time, the knowl-
edge and concern regarding the greenhouse effect and climate change is described as the challenge of
our generation. Therefore, the interest in clean, sustainable energy has increased significantly during
the last couple of decades. However, most sustainable energy systems have their own drawbacks. Due
to their dependency on weather conditions, solar power and wind turbines have significant electrical
ramping constraints and are unreliable compared to fossil fuels.[1] Hydro-power, for instance, is more
reliable in terms of generated power, but is highly restricted by geographic location.[2] Hydrogen fuel
cells on the other hand, do not have geographic limitations or ramping constraints. Additionally, fuel
cells are reliable in efficiency and power output, and can be used in a variety of applications. More re-
cently, fuel cells have grown in popularity as they prove to be a more sustainable way to power vehicles
including, but not limited to, marine vessels, automobiles, and trains. While fuel cells have promising
potential, there are still significant inefficiencies as roughly 50 - 40% of the energy produced is dissi-
pated as heat.[2] For this reason, waste heat recovery systems are being heavily researched as they offer
an opportunity for waste heat to be captured and re-utilized, thereby increasing the overall efficiency of
the fuel cell.

This project is sponsored by Volvo Penta and aims to design and simulate a waste heat recovery sys-
tem in order to enhance the overall performance of a fuel cell in the context of a marine vessel. While
there are a broad range of concepts for recovering waste heat, the team focused on two specific ones.
The more prevalent approach being a Organic Rankine Cycle (ORC) system, it acted as a baseline
comparison for the second more novel approach for waste heat recovery by means of a thermometric
generator. The team consists of four students from Chalmers University of Technology, studying me-
chanical engineering and chemical engineering with engineering physics, in addition to five other mem-
bers from Pennsylvania State University, with four students in the energy engineering program and
another in mechanical engineering.

This work investigated the possibility of designing a system for waste heat recovery around a 300kW
fuel cell on board a marine vessel. The main findings were that while research suggests other candi-
dates could become viable in the future, the ORC system was the superior choice for efficiency.

1.1 Background

The most common fuel cell for vehicles and vessels is the proton exchange membrane fuel cell (PEMFC).
The fundamentals of the PEMFC are shown below in Figure 1:

Electric_ current
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= t e <
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b e
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Figure 1: Diagram of a PEMFC/3]
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1 INTRODUCTION Waste Heat Recovery for Fuel Cells

The fuel cell consists of two sides, an anode and a cathode. On the anode side the fuel (di-hydrogen)
is pumped in. When the fuel comes in contact with the membrane, the electrons get separated from
the molecule, resulting in the creation of free electrons and hydrogen ions. The electrolyte helps the
ions to pass through the cell. At the same time the free electrons are being led around the membrane,
which create an electric current that can be used for power output. On the cathode side, the hydrogen
ions and electrons react with the incoming oxygen that is in the air, and water is the result. Since the
cathode reaction is exothermic, there will be some generation of heat. The anode and cathode reaction
are shown in the two equations below:

2Hy — 2H T + 2e~ (1)

1
2HT +2e” + 502 — H50 + heat[W] (2)

As stated earlier, the primary disadvantage of the PEMFC is its low efficiency, because so much of the
potential energy lies in the heat created by the reaction. Furthermore, the rejected heat from the fuel
cell is typically a low temperature, thus, making it more difficult to recover find an implementation for
in the system.

1.2 Problem Statement

Energy generation devices that release heat have the potential to become more efficient with the devel-
opment of waste heat recovery (WHR) systems. While there are many applications that would benefit
from a WHR system, this project in particular focuses on fuel cell applications. Apart from water cre-
ated from the chemical reactions in a fuel cell, the cooling system must handle 100% of the rejected
heat. The PEMFCs rejected heat is typically 75-80°C. A WHR system will process that waste heat
and regenerate it into another form of energy for reuse, thus increasing the overall efficiency of a fuel
cell. The fuel cell in this case is used to power a marine vessel. However, designing a WHR system that
can scale to smaller or larger applications is ideal.

All production processes and machine operations experience wasted heat. This energy is released from
each process in different ways, such as radiation, exhaust gas, or cooling fluid. Roughly 50-60% of the
energy in a fuel cell is lost as heat and is transferred to the cooling system. The challenge behind this
project is developing a system that is suitable for processing low temperature waste heat and fluids
and in turn, produce more energy to be used on, or to power, the vessel. Using current technologies,
the team of students will study existing WHR, systems to determine potential candidate processes to
adapt for the given situation. The common goal of the project is to design the best WHR system for a
marine vessel powered by a fuel cell, all while learning to work as a global product development team.

1.3 Limitations

Due to the limited knowledge and practical applications regarding the subject, as it stands this project
has certain limitations. For instance, although this project will focus on all viable options for recover-
ing waste heat from a fuel cell, the goal is to not be limited by the existing solutions. This will require
us to not anchor only on conventional solutions similar to Organic Rankine Cycle even if it is regarded
as the current industry standard for low temperature WHR.[2] Additionally, the project will consider
both a full system solution and a combination of two or more subsystems to achieve maximum effi-
ciency. Furthermore, if a scaled down prototype is feasible, it would be manufactured in order to test
the theoretical solution. However, a full-scale model will not be prepared given the difficulty to realize
practical application, and any prototype limited to the waste heat recovery portion of the system.

— page 2 —



1 INTRODUCTION Waste Heat Recovery for Fuel Cells

1.4 Ethical and environmental aspects

Designing a WHR system for a fuel cell has full potential to be designed, manufactured, and operated
ethically throughout its life cycle. There are several functions of the fuel cell and WHR system to con-
sider during its operation. Since the main purpose of the WHR system is to increase the efficiency of
the fuel cell itself, there are no significant negative implications. However, given the nature of the fuel
cell being used to power a vessel or generator, manufacturing, operation, and maintenance should con-
sider the potential environmental harm to marine and land ecology; as well as passengers or operators
of the powered vehicle. Potential harm could ensue with the nature of the fuel cell operating to gen-
erate electricity in close proximity to water. The design of the WHR system should consider ethical
standards across all its potential applications.

Another consideration is the source of hydrogen. Presently, most of the hydrogen for fuel cells is de-
rived from fossil fuels, typically natural gas. Burning fossil fuels emits harmful greenhouse gases into
the atmosphere. Combining the processes to retrieve hydrogen from reformed hydrocarbon molecules
with carbon capture will help reduce carbon dioxide emissions. In the future, solar energy and biomass
can be used to directly generate cleaner hydrogen more ethically.

Disposal and decommissioning of any and all liquids or waste materials used in the design and produc-
tion of the proposed WHR system should follow local governmental and energy regulations. Manufac-
turing or construction of the comprehensive system should be produced to abide by labor and environ-
mental laws.

The environmental aspect of this project is decidedly positive. The WHR system that will be devel-
oped/theorized, would increase the efficiency of the fuel cell while minimizing wasted energy. This will
promote the use of fuel cells in many more applications, which entails a greener, possibly conventional
method of energy generation. The success of this project would eventually increase the use of fuel cell
powered vessels, trucks, cars, generators etc. This would in turn surely aid the advancement of clean
energy and help the world move towards the eco-friendly practices, which would be in line with The
Sustainable Development Agenda[4] produced by the UN.

A successful endeavor in increasing the efficiency of of a PEMFC application would surely be a helpful
step in achieving the high goals set by The Sustainable Development Agendal[4]. Mainly in reference to
goal #7 Clean energy where clean energy produced by fuel cells are a good step, but also #11 Sustain-
able cities and #12 Responsible consumption. The team also wished to believe that the cooperation
done here between Chalmers, Penn State and Volvo Penta is in line with goal #17, Partnership for the
goals.

— page 3 —



2 METHOD Waste Heat Recovery for Fuel Cells

2 Method

In order to generate well developed and functional systems that could provide a solution to the task
supplied by Volvo Penta, a system for how the team was to proceed was needed. To start making head-
way with the work ahead, ample amounts of research on the subject had to be made. These, in com-
bination with studying the customer needs and specifying the system boundaries in a black box dia-
gram, were the first parts of the work to be done. Following these first steps a detailed plan on how the
project should continue was formed, Figure 2 below illustrates this plan.

Reseanch

______________ Functional Strusture /
Customar needs }~ ' <{ A R

Technology overview

.

| Functional modeling

Rank patential
concepts

iCompaonent mer-new; l

| S—
Develop concepl for Ve
» applioation ¢ Rvisit target vakes 5

Figure 2: Guiding flowchart for project work

2.1 Research

To gather information about what concepts are currently available, research about WHR and PEMFC
was conducted throughout. Possible solutions were evaluated; advantages and disadvantages weighed
against each other, and different characteristics were studied and measured. In doing so, the team was
able to compare them to each other and make an educated assumption as to what would best serve
our purpose. Early on in the project, the entire team was assigned to the same preliminary research.
As viable design ideas were derived, the team designated specific tasks and/or topics to team members
as required. Specialization of tasks allowed for ownership of work in order to meet certain tasks and
assign deadlines for the customer.

2.2 Customer Needs

Next followed the specifications of costumer needs, as it is part of the product development process.
This project, being sponsored by Volvo Penta, customer needs were based upon their specifications and
wishes, as well as end consumer satisfaction. Based on the information given to the team, this project
was given the focus of marine shipboard application. Additionally, as meetings kept occurring through-
out the timeline of the project, the customer needs were updated to better suit the customer. Determi-
nation of customer needs did not only consist of what Volvo Penta requires, but was also based upon
external research from literature review.

— page 4 —



2 METHOD Waste Heat Recovery for Fuel Cells

In doing so, the following needs were derived when designing a WHR system for the 300kW on board a
marine vessel:

e While the system must recover heat, it cannot have an overall loss of efficiency At any opera-
tional stage. Therefore, the proposed solution should aim for a 5% increase in overall efficiency.

e The proposed system should not be too costly to maintain, to the point where it outweighs power
recovered. Similarly, the system should not be overly expensive to manufacture.

e The system should be durable enough to compare to a common diesel engine.

e Similar to automobiles produced to scale, the WHR system should also be designed with the
intention of mass production.

e Larger sized systems could potentially generate more electricity, but that possibility has to be
balanced with vessel constraints.

e The WHR system should be versatile enough to be used in marine applications of varying size.

e A complex WHR system equates to higher production and maintenance costs; lower numbers of
subsystems is more cost-effective over a longer period if time.

e The proposed solution should not be louder than the fuel cells it is working with.

e Ideally, the WHR system should work in any number of ambient conditions, even if it is running
in extreme heat or in a snowstorm.

In order to balance contradicting needs, a quantitative method was used to compare different require-
ments. Every specification was assigned an importance value ranging from one to five, with one being
the least important and five being the most. Along with its graded importance, every specification was
also given a threshold value and an objective value, to show the range every concept should aim for.
This information is demonstrated in Table 1 for comparison. The specifications were ranked based on
what the sponsor, Volvo Penta, required from this project as outlined in the teams initial meeting with
them. For example, the sponsor has asserted that determining a novel method of producing electricity
should be the main focus of this project. Thus, the electricity output metric has the highest impor-
tance value of 5. Additionally, the efficiency of the system affects the output of electricity so it would
also have a higher importance value than another specification, such as ease of mass production. Be-
cause ease of mass production is an area that requires further research and development, it may fall
out of the scope of what this team can control and thus will not be highly valued in terms of the final
product. It is important to note that the specification of electricity output also encompasses any other
possibilities such as heat recycled for preheating the fuel cell.

Table 1: Customer Needs

Spec. No. Specification Importance | Threshold Value | Objective Value Units
1 Efficiency ) 3 5) %
2 Electricity Output 5 20 >30 kW
3 Maintenance Cost 1 600 >400 $
4 Durability 3 800 >1000 Newtons
5 Temperature Homogeneity 3 A30 > A30 °C
6 Ease of Mass Production 2 40 >50 Units/year
7 Size 3 8 <5 m?
8 Versatility 1 1 2 Vessels
9 Weight 3 500 380 kg
10 Production Cost 2 300 134 1038
11 Complexity 4 6 5 Subsystems
12 Time to Market 2 24 12 Months
13 Noise 1 80 60 dB

— page 5 —




2 METHOD Waste Heat Recovery for Fuel Cells

2.3 Black Box

To conceptualize the problem in a non-solution-based manner, a black box of the system is produced,
see Figure 3. The important inputs are the hot circuit from the fuel cell and the cooling water from
the sea or cooler from a generator set (genset). The team also decided to include a power supply, input
information, and some eventual utilities for the processes in the system. The main output of the black
box was energy that is readily available for a particular application.

Ambient heat

.

Hot circuit from fuel > ——>»  Wasie water H

cell H
Coolingwaterfrom . | ———»  Wasie water C

"Black box"

.
‘Waste heat recovery system ] Usetul energy

Power supply

Information —— —————»  Process data

Ulites > ———  Uiites

Figure 3: Black box diagram for WHR system

2.4 Functional Structure

A preliminary functional structure was created to visually conceptualize the sub-functions in the sys-
tem. The main function of the system was to recover waste heat produced by the PEMFC; this func-
tion is divided into the sub-functions shown in Figure 4 along with how they interact with each other.
The team worked with the functional structure to generate concepts for solving each sub-function. The
diagram was kept as general as possible as to not prematurely imply a solution. The system boundary
was estimated from the mission statement. The inputs and outputs were established from the black
box. The representations of the different lines are clarified below the diagram.

System boundary
Hot circuit from fuel cell H —————Jjm!
Transport water > Fle::\.;er‘;: eat ... {Transform energy [+« - Prceeaannes »  Useful power
Cooling water from sea C ——)_r’ A A A
Fo ! > > Hot circuit from fuel cell H
! [
: ! [
Power supply =« -+ | EARA : : Pl » ¥ Cooling water from sea C
oy
A A
. L« I N R, < S i
Information » > processes > » Information
Utilities > > > Utilities

Figure 4: Proposed functional structure for WHR
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2.5 Technology

This section is an overview of the concepts studied and identified in existing research. The focus was
on the sub-systems outlined in the functional structure, mainly transport of water, recovering heat
energy, transforming energy (to electricity) and control of the process. The overview contains the cy-
cles/processes applicable, deselecting non-applicable thermodynamic cycles, such as internal combus-
tion that does not fit into the work intended by the functional structure. The work produced a liter-
ature review, providing summary, description, and critical evaluation of a particular process and its
inherent properties. Thus, the review highlighted the research relevant to our specific areas. The re-
search was summarized in a literature review document for reference in the technological overview part
of the final report.

2.6 Concept Generation
Below is a preliminary list of concepts from the initial concept generation and brainstorming sessions:

e Utilization of steam to pre-heat the fuel cell for greater efficiencies

e Steam reformation and/or water gas reactions to increase hydrogen feed rate
e Improving upon the existing ORC systems

e Use of alternative cycles such as Stirling-cycle

e Utilizing electricity from the fuel cell to super heat the steam (so as to increase the delta, there-
for facilitating heat recovered through steam turbines, or TEG)

e Production of static electricity from heat

e Thermoacoustic: heat exchangers with rectifier induce acoustic waves producing electricity by a
linear alternator or bi-directional turbine.

e Thermoelectric: Using materials with Thermoelectric properties (semiconductors) to produce an
electric potential, recovering energy from the waste heat.

e Utilizing a thermosyphon, for thermal integration between a chemisorption system and the fuel
cell.

2.7 Evaluation Potential Concepts

The ranking of potential solutions for the problem was arranged so the maximum costumer value could
be achieved. According to The value model[5], the costumer value can be defined as:

Satisfaction of needs
Customer Value = (3)
Use of resources

According to the definition, costumer value can increase by two different approaches. Either by increas-
ing the satisfaction, which is made by increasing the numbers of costumer needs that have been solved,
or solving the needs with a better quality. Another approach is to focus on the denominator, making

it as small as possible. This is achieved by decreasing the time, money or/and effort that the costumer
must put into the product.
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The first step of the ranking is there to eliminate the potential solutions that do not satisfy all the cus-
tomer needs. This was done with the use of a screening-matrix. However, it should also be stated that
the different concepts and solutions can be modified in this state so that they fulfill every costumer
need. The concepts that passed through the screening-matrix were put into a different Pugh-matrix.
At this state, the different concepts were compared in regard to how well they fulfill the different cos-
tumer needs. By having one of the concepts as a reference it was clear if the rest is better or worse at
fulfilling the customer needs. By changing the reference, and comparing the different scores, the risk
of being biased was minimized. Also, when necessary, this process was iterated with different improve-
ments to the concepts to ensure that the best possible concept was not overlooked.

2.8 Develop Concept

Once the qualitative optimization comparison was complete and the best possible concept was selected,
a detailed mathematical analysis was conducted to provide energy production, efficiency, and design
specifications. This was achieved after continued research of the applicable parameters and variables
that pertained to the chosen system. With this, a comprehensive explanation of how the WHR system
and its sub-components operate was developed.

In addition to the detailed written and mathematical computation of the selected WHR design, a CAD
drawing of the engineered device and a simulated heat flow map was developed as a visual. The writ-
ten explanation was cross referenced with the rendered design of the system. It was agreed that these
figures be produced internally by the team using CATIA or a similar software, but if needed could be
outsourced by a design company or other students that can assist with making the product come to
life, meeting the customer and consumer needs.

2.9 Risk Plan

In an effort to identify, evaluate, and plan for potential issues during the progression of the project, a
risk plan was produced as a guiding document. Part of the process was identifying and planning for
potential risks. The risk plan focused on a few subjects, such as management and organizing external
risks. In addition to the risk plan, a team contract has been signed by all team members, stating the
planned meetings and communication regime, how files are handled and stored, along with planned
workload distribution in an effort to align the teams work and avoid potential issues in these areas.
The process started with defining the impact levels to a numerical basis used in the later evaluation.
The risk is quantified on a level of 1-5, increasing number, increasing impact. The plan was defined for
performance (Result), schedule and team/individual workload in Table 2.

Table 2: Risk Plan Weighting

Level | Performance impact | Schedule Impact Workload Impact
1 No impact No impact No Impact
. . . Less than 3 hours of addi-

2 Minor impact No effect on milestones tional work for the team

3 Moderate impact Stilll able. to meet milestones, lt?ss than 9 hours of addi-
revised time plan tional work for the team

4 Significant Major revision of planning, Less than 20 hours of ad-
risk of missed deadline ditional work for the team
Schedule is delayed. Not able | More than 20 hours of

5 Severe to deliver according to the additional work for the
deadline team
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With this definition, a 2nd matrix was formed. It calculated the qualitative risk level by the combina-
tion of impact against probability and assigning a high, moderate or low qualitative risk level. Proba-
bilities ranged from low to high [Prob. Of occurrence: a 10%, b 30%, ¢ 50%, d 70%, e 90%).

Impact

LOW

[ S R VS B N ¥ |

MODERATE

a b C d e
Probability

Figure 5: Risk Matriz

This risk level was inserted in the risk matrix Table 2, assigned risk levels to identify potential issues,
and established risk reduction and corrective measures to each risk. The risk plan can be found in Ap-
pendix.

2.10 Project Management

The team worked together for most of the project and the workload was split evenly among the mem-
bers. When work was distributed into sub-groups they were mainly divided between Pennsylvania
State University or Chalmers University of Technology. This was to mitigate the difficulties of differ-
ent time- zones. The coordinators of Penn State and Chalmers are listed in appendix A. The progress
made by individuals or sub-groups were informed to the whole team, ensuring that every member was
up to date. All work was registered in the time and work log which was accessible to all students, ex-
aminers and sponsors.

Each member of the team had responsibility over some part of the project. The preliminary areas of
responsibilities are listed in the appendix. This did, however change as the project progressed, and var-
ious areas required more attention. The person responsible for a particular area was in charge of the
work on that topic.
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3 Technology Overview

This section will present the system candidates more in depth, starting with the Organic Rankine Cy-
cle and then the Thermoelectric generator and lastly the Thermoacoustics.

3.1 Organic Rankine Cycle

An Organic Rankine Cycle (ORC) system refers to when a liquid refrigerant is circulated to an evap-
orator where heat is introduced to the refrigerant to convert it to vapor. The vapor is then passed
through a turbine, with the resulting cooled vapor then passed through a condenser for condensing

the vapor to a liquid. The ORC is a typical choice in WHR technologies because this cycle can operate
with low, medium, and high-temperature heat sources. Therefore, this cycle presents high flexibility
and compatibility with waste heat. This makes ORC a promising, and well used, option for WHR from
a fuel cell. This method of WHR would increase the efficiency of a fuel cell considerably.

History

Organic Rankine Cycle development started in the 1850s following the development of steam engines.
In spite of Nicolas Léonard Sadi Carnot’s foresight of using other fluids than water.[6] It took until the
middle of the 20th century to benefit from this thermodynamics analysis, such as taking advantage of
the inherent flexibility of the ORC to optimize the use of low-quality heat sources. Work on ORC was
mainly done by small university teams and small companies since the larger companies avoided the
more niche markets. Only a few small ”pure-play” companies were persistent enough to turn the ORC
niche into a commercial success.

Theory

In the ORC, the working fluid goes through cycles of evaporation, expansion and condensation. As
the fluid expands inside the turbine, thermal power is converted into a rotational power. By adding a
rotational electromagnetic converter to the cycle the ORC can produce an electric power output.

The ORC is an attractive system for heat recovery when the thermal power of the energy source is
limited. ORC utilizes an organic, high molecular mass working fluid which has a lower evaporation
temperature than water.

There are different configurations of ORC, but at its simplest form the ORC consists of a pump, evap-
orator, turbine and condenser. For low temperature WHR it is common to add a regenerator to the
cycle, which is an internal heat exchanger, preheating the working fluid before it enters the evaporator.
A typical ORC with a regenerator is presented in Figure 6a.
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Figure 6: (a) ORC with a regenerator, (b) T-S diagram ORC with a regenerator

e (5-1) Pump:
The working fluid pressure is increased from condensation pressure to evaporation pressure.

e (1-6) Regenerator:
The working fluid is preheated in the internal heat exchanger by the super-heated vapor exiting
the expander.

e (6-2) Evaporator:
The working fluid is heated with the thermal energy from the heat source and changes phase to a
super-heated saturated vapor.

e (2-3) Turbine:
The super-heated vapor expands in the turbine, transforming thermal energy into rotational me-
chanical energy. The fluid exits the turbine at a super-heated state.

e (3-4) Regenerator:
Heat is transferred between the high temperature super-heated vapor and the low temperature
fluid exiting the pump. The working fluid exits the regenerator, slightly cooled.

e (4-5) Condenser:
The working fluid is cooled by exchanging heat with the cool side fluid.

Organic Rankine Cycle (ORC) coupled with a dry working fluid typically requires very little, to no
super-heating. This makes it easy to implement the a regenerator in the cycle as the fluid exits the
turbine at a super-heated state. A regenerator typically increases the thermal efficiency of the ORC,
thereby increasing the power output of the cycle.[7] However, if the condenser does not have a limit to
the load in which it can handle, the implementation of a regenerator will not increase the power output
significantly.[8] The T-S diagram for the ORC is presented in Figure 6b. As fluid expands isobarically
in the turbine it exits at a much higher temperature than that of condensation, seen in Figure 6b at
point 3.
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Efficiency calculation and estimate

Thermal efficiency, and more importantly, net power gained, is highly dependent on the heat exchang-
ers and working fluid chosen for the ORC system.

The processes stated in section 3.1 are described by the following equations.

Pump

The pump work absorption is calculated by the enthalpy change of the working fluid through the pump.
Ws—1 = 1m(hy — hs), (4)

where W5_; is the work absorbed by the pump, m is the working fluid mass flow, k5 is the enthalpy of
the fluid before the pump and h; is the enthalpy of the fluid after the pump.

Regenerator

In the regenerator heat is transferred between the heated fluid leaving the turbine and the cold fluid
leaving the pump.

Qe = Mot (he — h1) = Mcod (ks — ha) = {assuming et = Meola} = (he — h1) = (hs — ha),  (5)

The effectiveness of the regenerator needs to be taken into account as well. This can be described as
the ratio between the energy received by the fluid, and maximum energy input.[9]

hs — hy
reg — B 6
€reg hl _ h6 ( )

where Qg is the Heat transfer in the internal heat exchanger, iyt is the working fluid mass flow
exiting the turbine and 7i¢o1q is the working fluid mass flow exiting the pump.

Evaporator

Heat is added to the working fluid at constant pressure, and can be calculated by the following equa-
tion.

Quuex = m(he — ha), (7)

with Quuex being the heat transfer in the hot side heat exchanger.
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Turbine

As the fluid expands, work is produced by rotating a shaft connected to the turbine.

Wa_s = 1n(ha — hg) (8)

Ws5_3 = Work produced in the turbine.

Condenser

The condenser exchanges heat with the cold sides fluid.
Qcuex = M(hg — hs) (9)

Here, Qcuex = is the heat transfer in the cold side heat exchanger.

Application

Utilizing the ORC as a means for WHR has broad applications which has led the ORC to be extended
past the use for fuel cells, to also include a multitude of other industrial WHR, and primary power gen-
erating systems. Historically, the ORC was developed following steam engines, and has since been
studied and optimized for broader applications. Various ORC power plants have been built, mainly

for WHR and combined heat and power applications. Beyond fuel cells; ORC WHR, designs have been
utilized in internal combustion engines, as well as in gas and steam power cycle exhaust. The goal is to
achieve a versatile, more efficient design that can be further applied to both traditional and innovative
energy generation sources.

3.2 Thermoelectrics

The thermoelectric (TE) generator has the ability to convert a temperature difference into electrical
energy. By using semiconductor technology, a TE generator (TEG) is heavily reliant on the material
science of module. With no moving parts, this device takes up less space and less upkeep than other
alternatives such as the Rankine cycle or sterling engine. The advantages that the TEG provides make
it a practical choice for WHR.

History

In the years 1821-1823, scientist Thomas Johann Seebeck discovered that two dissimilar metals with
junctions at different temperatures could deflect a compass magnet. Seebeck quickly realized that a
thermometric force was inducing an electric current, which by Ampere’s law was deflecting the magnet.
To be more specific, the temperature difference produced an electric potential which drove an electric
current in a closed circuit, appropriately referred to today as the Seebeck effect, and connected Seebeck
coefficient. This mechanism is the driving force behind operation of the TEG.
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Theory

Thermoelectric generators work by utilizing the heat flux from a high temperature heat source, con-
trasted against a low temperature reservoir. A flow chart depicting this process can be seen in Figure
7.

Load
Thermoelectric Generator
-type
Heat From Fuel Cell Py -
Fuel Cell Stack > :
n-type [
[
[
1
[
Low Temperature !
Water :
[
1
1
1
Usable Electric Ener :
D e R e cenaaad Power Converter [€= == === 4

Figure 7: TEG Conversion process

A TE module is a device that converts thermal energy directly into electrical current via a temperature
difference. The flow of energy can go from thermal to electrical or vise versa, depending on the TE
module. The focus of this project involves one out of two types of TE modules. There are TEGs that
operate based on the Seebeck effect and TE coolers (TEC) based on the Peltier effect. A TEG will
provide electrical generation when heat applied to the system causes a temperature gradient across

the TEG. In this scenario, the electrical power output is proportional to the temperature difference
between TEG junctions. A TE circuit composed of materials of different Seebeck coeflicients (p-doped
and n-doped semiconductors), comprise a TEG. TEGs produce clean energy and serve as a potential
candidate for transforming low temperature waste heat into electrical power.

Application

Typical applications for current TEGs, more often involve low power applications for locations that are
hard to reach and difficult to maintain. For example, they are commonly used as off-grid generators in
uninhabited locations, able to operate in all climates. Because of their low maintenance, TEGs have
also been used in deep-sea applications and in space, a prominent example being the Mars Curiosity
Rover. [10].
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Efficiency Calculation and Estimate

Preliminary research indicates that a handful of equations are required to estimate the efficiency[3]:

qn = oITy, + Krga (Th — Te) — 0.5Rtpcl? (10)
¢c = alIT, + Krpg (Th — T.) — 0.5 Rregl? (11)

where ¢y, is the heat applied to the hot side of TEG, ¢, is the heat applied to the cold side of TEG,

Ty, is the temperature from the hot side, T¢. is the emperature from the cold side, Ktgg is the thermal
Conductivity, « is the Seebeck Coefficient, I is the output current generated by TEG, Ryrgg is the elec-
trical resistivity of the TE module.

The main driving force of power generation in a TEG is the temperature difference and the Seebeck
coefficient. Additionally, the thermal conductivity is used as a multiplier to the temperature difference,
its value, which comes from properties of the material itself, plays a significant role in maximizing the
power generated.

Preg = (qn — ¢c) = a(Th — T.) I — Rrpgl? (12)
P
Ne = —TEG (13)
an

where Prgg is the power generated by TEG and 7. is the conversion efficiency of TEG.

3.2.1 Maturity of Technology

Historically, the use of TEGs has been fairly limited to space probe applications. Extreme reliability
was the justification for their low efficiencies. TEGs are rarely seen in applications today, as their low
efficiency and high production costs have been a barrier in their development. However, the advan-
tages of TEGs are numerous. These include, but are not limited to, noiseless operation, no moving
parts and, no working fluids. As a result there is little to no maintenance or extra costs, and direct
energy conversation through semiconductors. Thus, the advancement of more efficient TEGs appears
promising as researchers and industry are working to increase the operating range of materials to work
in higher temperature differences and search for low-cost materials to justify lower efficiencies. If effi-
ciencies are increased or costs are cut, they can be more desirable for a broad range of applications in
the future.

3.3 Thermoacoustics

Thermoacoustics (TA) is the merging of the fields of acoustics and thermodynamics. Thermoacous-

tic devices utilize the oscillating pressure and flow along a temperature gradient to create engines or
refrigerators. The temperature gradient in a thermoacoustic engine (TAE) creates a standing wave
which is in turn can be converted into electrical power. The TAE working fluid undergoes a Stirling
cycle. Unlike a traditional Stirling device, however, this oscillation of gas is achieved without any mov-
ing parts[11]. The lack of moving components grants the TAE a high level of reliability and simplicity,
with a very low onset temperature due to the absences of mechanical friction. Similar to traditional
Stirling engines, the TAE is flexible in its heat source, making the utilization of waste heat easy. Ther-
moacoustics have for these reasons been of interest in the field of sustainable energy.
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History

The history of thermoacoustics theory starts with basic acoustics were Laplace in 1860 adjusted New-
ton’s mach number for air with regard to compression and expansion of sound waves [12]. Acoustic
theory was expanded by Rayleigh in the late 1800’s [13] and [14]. However, before both Laplace and
Rayleigh, Higgins identified the TA phenomena in 1777 with his ”singing flame” experiment [15]. Mov-
ing forward to the 1950’s were the first patents were filled for the first TA generators by Bell Telephone
Laboratories [16]. In 1998 the first traveling wave TAE was tested [17].

Theory

Thermoacoustic systems can work in two distinct directions. First, there is the heat to electricity pro-
cess. Here, heat is given to the TA system and electricity is produced making thermoacoustics is the
prime mover. The other application is when the system works in reverse, and electricity is supplied and
heat/cold is produced via a thermoacoustic heat pump. This project focuses on the first direction of

having thermoacoustics as a prime mover, as illustrated in Figure 8.
Electric Power

Prime Mover ﬁﬁ?:;t:;m
M ermoacoustic m Conversion

Figure 8: Prime Mover - TA Conversion process

MaGaughy, Mitchell[16], in his Master’s thesis, manages a good reference for the basic calculations that
go into the design and analysis of TA engines. The theory can be split into two main parts, the basic
acoustic power calculations, and more specific design parameters of the TA system which can be used
for further design studies.

Prime Mover

Using TA as a prime mover refers to the use of acoustic power being produced by a heat differential
used to generate electrical power.

Acoustic to Electric Conversion

Converting the acoustic power of the TA device to useful electricity is in its most basic form easy to
understand. The goal is to convert the power contained in the acoustic wave traveling inside the acous-
tic tubes and convert this motion into another form of energy. TA devises are separated into different
categories depending on the characteristics of the acoustic wave, either standing or traveling wave.

A standing wave can be viewed as a wave propagating through a closed tube were the constructive in-
terference creates a series of nodes that appears to be ”standing”, or, not moving. In contrast a travel-
ing wave can be viewed as a wave in an infinite/open ended tube were the nodes appears to be ”mov-
ing” along the length of the tube. Noting that any real TA devices will operate with a mix of standing
and traveling waves. The standing/traveling notation of the TA type comes from what the device is
optimized for, and what type of waves are most prominent in the design. A pure is often added in
front, to reiterate that the devise is solely optimized for one type of wave.
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The methods used for converting the power do not fundamentally change with a moving or standing
wave device, only the geometry of the installation changes. Timmer et al.[18] goes into this subject in
their paper making a to date "what is a comprehensive summary of the mechanics used for the purpose
of converting the acoustic power into electricity.” They split up the conversion equipment into four
main types:

Electromagnetic devices

Piezoelectric devices

Magnetohydrodynamic devices

Bidirectional turbines

Starting with the electromagnetic variant, this can be from the simpler side of the scale a of the shelf
loudspeaker. Simply a loudspeaker working in reverse, where the acoustic wave induces movement in
the speaker element, resulting in a current output. The loudspeaker is a surprisingly apt conversion
devise being a low inertia, linear alternator designed to work in a large range of amplitudes and fre-
quencies. A loudspeaker permits use in a large range of operating pressures, as there are no enclosures
in the design. The pressure difference the element needs to handle is that of the pressure difference in
the acoustic wave.

Other linear alternators can and have been used in TA devises, but have the problem of a compara-
tively high prize per unit; with high material and manufacturing costs. Both piezoelectric devises and
Magneto-hydrodynamic devises are limited by there range of motion, with the intent of high output for
our systems, they fall short in the higher amplitude range.

Bidirectional turbines are by many seen as the most promising development in the field. These turbines
are configured with a geometry that enables them to rotate in the same direction, independent of the
fluid’s flow direction. This means that they can rotate a generator by utilizing the oscillating air col-
umn of the thermoacoustic system. Comparatively, they are cheap to mass produce thanks to the low
AP over the turbine. The material can, for example, be made of 3D printed plastics [18].

Application

While the technology is well used within the field of cryocooling, it has seen limited success outside of
that field. There have been tests with TA generators in the fields of very remote, low power output
applications, such as running sensors on natural gas pipelines. Current applications are highly robust
but have a low power output given the size of the unit[16].

Efficiency calculation and estimate

Thermoacuostic power scales with p,aA where p,, is mean pressure, a is the speed of sound and A

is the cross sectional area of the tubes[16]. Inspecting the corresponding units for the above equation
are [Pa][Z][m?], from this we can deduce that p,,, mean pressure, will have a large impact on the effi-
ciency of the WHR system, compared to changing the cross sectional area A.

System output from the TA generator can be calculated in several ways, either by looking at previous
research and making assumptions based on there designs, giving an indication of the power output of
a new system, or by creating a new system and calculating from the ground up, to get a more accu-
rate result. The main issue is the complex nature of the acoustic wave, and their interactions with the
walls and geometry of the unit, as well as interactions with other waves. Essential work was preformed
in this area by the Los Alamos National Laboratory with their DeltaEC software, used for TA calcula-
tions by several researchers in the field[16][18][19][20].
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Maturity of technology

Kees De Blok and his team at Aster Thermoacoustics shows a practical application in their work with
waste heat recovery[21] for a land based process with flue gas heating media at 150 - 160 °C. A power
output of around 10kW, comparatively low power output for the physical dimensions of this unit at
around 3.8 x 1.4 x 1.3m? (width x height x length) shows a low power density. This process was suc-
cessful in showing the inherent design qualities of a TA WHR system. It is that of high reliability and
close to zero maintenance. In summary, although these technologies are at their core very mature, they
require further research to fit into our specific field of study. What might be researched is the power
coupling and operating pressures that effect power output to a high degree to increase the power den-
sity of a TA WHR.

3.4 Fuel Pre-Heating

The electrochemical reaction kinetics in a Polymer Electrolyte Membrane (PEM) fuel cell are highly
influenced by the reactants supplying pressures and electrode temperatures. For an open cathode PEM
fuel cell stack, the power output is constrained due to the use of air acting as a reactant and coolant.
Optimal stack operation temperatures are not achieved, especially at low to medium power outputs.
Based on the ideal gas law, higher reactant temperatures would lead to higher pressures and subse-
quently improve the reaction kinetics. The hydrogen supply temperature and its pressure can be in-
creased by preheating; thus, slightly offsetting the limitation of low operating stack temperatures. The
exit air stream offers an internal source of waste heat for the hydrogen preheating purpose.[22]

— page 18 —



3 TECHNOLOGY OVERVIEW Waste Heat Recovery for Fuel Cells

Theory of Fuel Pre-Heating

A theoretical model for calculating a Fuel cell’s potential effect is that of the Nernst Potential

AG°® AS o R,T;
ENernst = ’I’LT - RT(TS -T )+ nF

(P, + 5(Po,)] (14

where AGP® is the free reaction enthalphy at 298K, n is the number of moles of electron transferred in
the reaction, F' is Faraday’s constant, AS is the reaction entropy at 298K, T° is the reference tempera-
ture of air(298K), T is the fuel cell operating temperature and P is partial pressure.
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Figure 9: A Fuel cells theoretical increase of electric potential when temperature increases

This clearly shows a linearly increasing effect of the fuel cell potential with increased Hy pressure,
which is achieved by preheating according to the Ideal Gas Law.

Testing

According to Mohamed et al.[22], an experimental study in utilizing waste heat from an open cathode
PEM fuel cell air stream was performed based on the ideal gas relationship of increasing the reactant
temperature to increase the pressure. Two hydrogen preheating loops of fresh supply (open) and re-
circulation (closed) was developed. The base results were a maximum power range between 3.5W /cm?
and 4.5W/cm?. The results indicate that the waste heat recovery may have a positive effect on the
maximum stack power output by 8-10%. However, the effect can be obtained only by balancing the
sensitive operational requirements of the fuel cell’s electrochemical mass balance, stack thermal man-
agement, heat exchanger operating conditions and the hydrogen supply humidity. In this case, the
open loop hydrogen preheating is a promising method compared to the closed loop due to the recir-
culation of water into the stack that limits the positive power gain. The waste heat utilization was less
than 10%, due to heat capacity limitations of the hydrogen flow[22]. The following sketch is a simplifi-
cation of the system they used.
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Figure 10: Simplified Sketch of System for pre-heating Hydrogen with waste heat

The following figures plot fuel cell voltage versus temperature, according to the experiments conducted

by Giovanni et al. [23]
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Figure 11: Experimental Temperature Dependency for a PEM fuel cell[22]
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Proposed Specifications

The following system specifications in figure 12 were suggested by Mohammed et al.[22]
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Figure 12: Extensive Sketch of a WHR System for preheating hydrogen fuel

Metrics

The following metrics have been found to be consistent throughout the research done on this subject
and will be considered in its evaluation.

2-5% expected increase of effect.

10% maximum possible increased effect in an open cathode system.

Preheating between 2-13°C experimentally tested once.

System has not been tested in practice.

The waste heat utilization was less than 10% due to heat capacity limitations of the hydrogen
flow.

Viability

Wagner et al. [24] tests show that the optimal operating temperature for a PEM fuel cell is 80°C, but

that the closer you get, the less effective it is to increase every °C. Considering that it can be expected
for a fuel cell to operate at a temperature close to this, the system is unlikely to provide any valuable

increase in effect.
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4 Selection of Potential Concepts

Before continuing further with the ranking of the potential concepts, some of the concepts have been
excluded based on the following arguments:

= W o=

4.1

The solution was not applicable to this project, often due to the low temperature differential.
It was too expensive compared to its efficiency to be profitable at best case scenario.
It was not a concept for heat recovery.

The concept does not have sufficient evidence/testing/literature.

Candidate list

The following system ideas were considered candidates for the process:

4.2

Utilization of steam to pre-heat the fuel cell for greater efficiencies.

Steam reformation and/or water gas reactions to increase hydrogen feed rate.
Improving upon the existing ORC systems.

Use of alternative thermodynamical cycles such as Stirling-cycle.

Utilizing electricity from the fuel cell to super-heat the steam (so as to increase the delta, therein
facilitating increased heat recovery; through steam turbines or TEG).

Production of static electricity from heat.

Thermoacoustic: Heat exchangers with rectifier induce acoustic waves producing electricity by a
linear alternator or bi-directional turbine.

Thermoelectric: Using materials with Thermoelectric properties to produce an electric potential
to recover energy from the waste heat.

Utilization of working fluids/coolants like ammonia.

Utilizing a thermosyphon for thermal integration between a chemisorption systems and the fuel
cell.

Excluded Concepts

The following concepts have been excluded from the process as per the stated reason.

Preheating the hydrogen:

While utilization of steam to preheat the Hydrogen flow entering the fuel cell for greater efficiencies
was a promising idea. It is not actually a concept for recovering said waste heat. As such it was not
included in the following Pugh-matrix as per reason #3. While this could be an implementation of the
heat once recovered, Volvo Penta’s preferences are as stated earlier to transform the energy into elec-
tricity, our research also showed that preheating the hydrogen would not compete with this alternative
in efficiency regardless.

— page 22 —



4 SELECTION OF POTENTIAL CONCEPTS Waste Heat Recovery for Fuel Cells

Steam reformation and/or water gas reactions:

As per reason #3 this was also excluded because it is not a concept for recovering waste heat. It will
not be kept for further research for application as the current research does not hold potential.

Stirling cycle:

With a Stirling cycle, the most important factor for its efficiency is the temperature gradient between
the hot and cold side.[25] The larger the temperature difference between the hot and cold sections of
a Stirling engine, the greater the engines efficiency by order of magnitude. While this is true for any
thermodynamic process when used for WHR,, a Stirling engine is multiple times more expensive than
other options and with a low temperature gradient like presented in this case, it cannot be efficient
enough to compensate for this fact.[25] For this reason it was excluded from this project as per reason

492,

Production of static electricity from heat:

This method for WHR is largely untested and has little to no applicable research or data behind it[26],
it was therefor eliminated as per reason #4.

Utilization of working fluids/coolants like ammonia:

A system more commonly refereed to as the Kalina cycle, this is a modern adaptation of the commer-
cial standard ORC.[27] It is a considered a rising alternative but is currently strictly worse for the low
temperature of this case.[27] it has been excluded based on a combination of reason #1 and 4.

4.3 Included Concepts

The following concepts remained after the exclusion process. The concepts listed below where deter-
mined to be most suitable, out of the candidate list in section 4.1, for the waste heat recovery applica-
tion that this project studies and where further screened in section 5.

e Organic Rankine Cycle
e Thermoaccoustic Generation

e Thermoelectric Generation
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5 Ranking Potential Concepts

Customer needs, as received from our client/sponsor, were initially translated into comparable met-
rics and categories, as seen in the earlier part of this report. However, these categories were extremely
differentiated, i.e., varied from one another only by a shade of context. For instance, in the initial list
multiple types of efficiencies for the system had been taken into account; these categories, while im-
portant in their individual, distinct contexts, could thus be grouped under a larger umbrella category
of Efficiency. This allowed for a more meaningful analysis when using the Pugh matrix. The cate-
gories discussed below represent the final, grouped criteria based on how each of the three technologies
were evaluated. Figure 13 illustrates how these specific needs have been grouped for the purposes of
the Pugh Matrix evaluation.

Customer Needs PUGH - Criteria

e ! . Energy Spent » Thermal Efficiency
‘Recovering Waste! J
ST, | \ Heat H
1 Electricity Output: _ ~"="""=""""""""" -
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................ | H »  Operating Cost
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Production
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: Size : —J Physical Dimensions
-------------- Noise —

Figure 13: Pugh Criteria Groupings

5.1 Thermal Efficiency

The Thermal Efficiency metric evaluated for all concepts chosen for the Pugh-matrix can be ex-
tended to evaluate the efficiency gain of the power generating system. The power generating system
is limited to the installed components in the vehicle or other application, and does not include, for ex-
ample fuel production or handling prior to use from the systems fuel storage.

The Power generating system consists of fuel storage, a PEMFC of 300kW power output and a nomi-
nal efficiency of 60%, with 40% rejected as waste heat at 70°C via the cooling water circuit. This gives
200kW of waste heat to handle with the WHR system. The Pugh matrix in section 5.7 references ther-
mal efficiency, being our main efficiency metric, the Nipermal, where a 1% 7gnermar of the WHR system
will correspond to approximately 0.667% efficiency increase of the power generating system, assuming
no extra power load to run the heat recovery system, or if included in the thermal efficiency number.
Considering the Customer needs specified in Section 2.2 the threshold value of power output at 20kW
corresponds to a heat recovery system overall efficiency ninermar ~ 10%.
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5.2 Production Costs

Production costs are a sum of the raw materials, direct labor, and factory overhead. Due to WHR sys-
tems being a novel technology, much of the production for each component is unknown. The produc-
tion cost metric was used as a relative comparison, because no accurate cost estimations were obtain-

able.

5.3 Ambient Conditions

The metric of ambient conditions can be considered as the measure of suitable working temperatures
for the WHR system. This metric was a highly important concept in the Pugh-matrix, due to the com-
plexity of the system. The 300kW PEMFC, that was researched upon, dissipated heat at consider-
ably low temperatures. This made choosing potential concepts difficult, since most conventional WHR,
systems work in temperature ranges upward of 200°C. In order to finalize a feasible solution, ambient
temperatures of 60 to 70°C were considered. The potential concepts were eliminated or chosen on the
basis of their working temperature and efficiency being as close as possible to 70°C.

5.4 Operating Costs

Operating costs is a combination of three different specifications: maintenance costs, durability, and
complexity. Combining the importance rating of those three specifications from the customer needs
table yielded an average importance rating of 2, thus it is not as important of a metric compared to
the other metrics. The determination of each concept rank in comparison to the other techniques was
fairly straightforward. TA and TEG both had equal complexity and maintenance costs, due to the low
amount of moving parts required to sustain these concepts.[3][20] With that in mind, their durability
was also deemed equivalent for the same reasons. However, the ORC has more moving parts and sub-
systems than both the TA and TEG.[8] As a result, the ORC was deemed to have higher operating
costs than the other two concepts.

5.5 Maturity

Technological maturity is a concept retaining to a products life cycle, i.e. the establishment of con-
ceptual framework, prototyping and lastly building to scale. The maturity of a product has important
implications for research and development, or in a technology’s strategic planning. For example, the
potential of a concept could be fruitful if it is immature, having room for improvement even if it isn’t
the superior choice as of today. Although prototyping is often easy, mass producing a unstudied prod-
uct to scale is often much harder. Mature technologies on the other hand, have been in use for a long
time. Therefore, most of their problems have been addressed and issues resolved. Further developing
mature technologies leaves little room for improvement the older they get and are often preferred for
industrial use.
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5.6 Physical Dimensions

When evaluating and comparing the physical dimensions of a particular design/technology, the main
considerations include both the physical size and the number of subsystems within the design. Fun-
damentally, an increase in the number of subsystems would contribute to an increase in the number

of moving parts Consequently this would also decide other design considerations such as shape, size,
and how the system would fit into the technical design of the carrier/marine vessel. It would also affect
other criteria such as production costs, and efficiency which have been separately evaluated. Thermoa-
coustic systems consist of the largest number of subsystems, and are also physically the largest of the
three technologies evaluated here. Its function, however, remains dependent on geometry; any redesigns
based on this criteria would have to take that into consideration. ORC systems fall next in terms of
complexity - however, while these still have a high number of subsystems, it is important that these
components can be arranged in many different ways, offering great design flexibility. Lastly, TEG has
the smallest footprint of the three. These systems have close to zero moving parts, are fairly small and
offer great design flexibility due to this reason. Because the individual elements are so small, they may
be designed as per system, and design specifications with a greater degree of accuracy. TEGs can be
adjusted as per the spatial design needs of the vessel.

5.7 Pugh Matrix

A Pugh matrix is used to compare the concepts performance with regards to the different criteria. To
validate the results consistency and to minimize the human factor of the decision making process, the
Pugh matrix process is repeated for each of the concepts as a solution-reference.

Table 3: Pugh Matriz with ORC as a reference

Criteria Concept Solution
Importance
Weighting ORC TA TEG
Efficiency (Thermal) 5 ’E* -1 -1
Production Costs 3 F 1 -1
Ambient conditions 4 ; 1 1
Operating Costs 2 E 1 1
Maturity 2 2 -1 -1
Physical Dimensions 2 3 -1 1
I+ 9 8
20 0 0
2- -9 -10
Net value 22
Ranking 1 1 2
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Table 4: Pugh Matrix with TA as a reference

Criteria Concept Solution
Importance
Weighting ORC TA TEG
Efficiency (Thermal) 5 1 2 0
Production Costs 3 -1 F 1
Ambient conditions 4 -1 ; 0
Operating Costs 2 -1 E 0
Maturity 2 1 ’; 1
Physical Dimensions 2 1 £ 1
2+ 9 7
20 0 11
3- -9 0
Net value 0 7
Ranking 2 2 1

Table 5: Pugh Matrixz with TEG as a reference

Criteria Concept Solution
Importance
Weighting ORC TA TEG
Efficiency (Thermal) 5 1 ';
Production Costs 3 1 1 F
Ambient conditions 4 -1 0 ;
Operating Costs 2 -1 0 E
Maturity 2 1 -1 E
Physical Dimensions 2 -1 -1 E
I+ 10 3
20 0 11
2- -8 -4
Net value 2 -1
Ranking 1 3 2

The scoring was based on the research done in the technology overview, Section 3. If one of the con-
cepts was found to be of better performance than the reference, it would be assigned a positive valued
point (1), if inferior a negative point (-1), and zero points (0) if it had similar performance. Further-
more, since some of the criteria were assigned greater importance than others, there is an importance
weighting that is multiplied with the individual score for each of the criteria for the concepts to give
the value a weighting.

For the first matrix, with the ORC as a reference, the reference and TA performed the best. For the
second matrix, with TA as a reference, the TEG performed best, lastly with the TEG as the reference,
the ORC performed the best. Since the ORC performed the best in two of three cases, it is the concept
that would be considered to have the best potential performance. Therefore, it is one of the concepts
that will be further developed. However, since the values that are being used for the comparison are
only based from literature reviews, the second best will also proceed for further development and com-
parison. Thus, the ORC and TEG will proceeded for further development.

— page 27 —



6 DEVELOPMENT OF FINAL CONCEPTS Waste Heat Recovery for Fuel Cells

6 Development of Final Concepts

This section presents the development process of the two final concepts, ORC and TEG.

6.1 Software Selection

For the simulations, it was decided to use a variety of software for the different parts of the process.

MATLAB|28] simulations were performed with a variety of widely accepted MATLAB extensions

along with the MATLAB work-space. The Simulink plugin was extensively used, along with the Simulink
application Simscape. Simulink is a graphical programming environment, running the block based sim-
ulations. The plugin Simscape extended this functionality with an extensive library of both creator

made and custom building blocks for modeling heat, mechanical power, and mass transfer within the
system. This alleviated the need for extensive coding knowledge, as it both created and solved equa-
tions for the given system.

COMSOL Multiphysics@®)[29] is a finite element analysis and solving tool, it is able to analyze and
solve systems of several physical domains. This software was used to develop well defined models for
solving heat and mass transfer, being able to both give numerical results and visualize different param-
eters of the design to facilitate optimization.

CATTA[30] and Autodesk Inventor[31] were used to model the ORC, and the Thermoelectric gen-
erator respectively. These modeling software were chosen based on personal preference and for the sole
purpose of creating a visual with dimensions of the selected concepts.

CoolPropl[32] is an open source library containing thermophysical fluid properties. The library can
be called to MATLAB via a python interpreter and used in modeling systems in Simscape. For this
project CoolProp is used to generate the working fluid property tables for the ORC.

6.2 Thermoelectric Generator Subsystems

For the complete Thermoelectric generator, there are three main subsystems: cool side heat exchanger,
hot side heat exchanger, and the Thermoelectric module. The hot side heat exchanger serves to con-
duct the heat from the fuel cells to the Thermoelectric module. The Thermoelectric module is com-
prised of semiconductors that uses materials with low thermal conductivity[3], where cool water is
piped in to create a substantial enough temperature difference within the module so that power can
be generated. Additional subsystems include pumps that are used to transport the heat from the fuel
cell to the hot side heat exchanger and transport cooling water to the cold side heat exchanger.
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Thermoelectric Generator Simulation

Thermoelectric systems are, at their core, a mix of complex material and fluid properties, and simple-
to-understand mechanical layouts. The simpler system design gives the TEG simulations a head start
compared to ORC simulations, as a good grasp of the initial design parameters are required. Ideas pre-
sented in previous work([3] and TE components available for purchase online gives a foundation to build
on.

Our simulation process used two different software and several iterations. The first stage was to model
the Thermoelectric elements to get an understanding of their power output depending on the junction
temperatures inside the TEG-system.

Thermoelectric power output

This part was done at an early stage during the process of ranking potential concepts. The simulation
is based on the Simulink software for MATLAB.

SC-AT
C t= ——— 15
urren AT mR (15)
where m = 1 if RL = m (RL being Load resistance and R being internal resistance), SC' is the Seebek
Coefficient.

2Wm
ltage = —R - SC— —— 1
Voltage = —R - SC— ==, (16)

where Wm is the matched power and Vm is the matched voltage.

>
C- I Seabek Cosfficient >
Seabek Coefficient > > fiu) 1)
- Current
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Hot-side Temp.
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Cold-side Temp.

Figure 14: TE Simulink model

The model, shown in Figure 16, takes the hot-and-cold side of temperature input, along with a set re-
sistance and Seebeck Coefficient, and other various parameters set in the work space. It output the
voltage and current produced by the TE element(s). This is the core of the power generating part of
the system, the rest of the simulations and calculations are the basis for the temperature inputs.
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Waste Heat Recovery for Fuel Cells

Thermo Electric System

Following this step a Simscape model was set up to simulate mass and heat transfer though the WHR

system.
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Figure 16: Farly iteration TEG Simscape model
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The basis of the model proceeded from Figure 14, was the concept of sandwiching TE elements be-
tween hot and cold heat exchangers, where they can be stacked intermittently as many times as needed
to achieve the optimal mass flow rate and heat transfer. The fluid flow direction of the hot and cold
heat exchangers were chosen as counter flowing, similar to a cross flow heat exchanger to achieve a sim-
ilar heat profile across the TE junctions.

The goal and main problem for optimizing the system came from the inherent trade off between heat
transfer rate, and pressure drop over the heat exchangers. Greater heat transfer required good contact
between the fluid and the surrounding material, i.e, the heat exchangers. Greater contact gives the
system a higher pressure drop, or head, increasing the pump work required to run the system.

The first model, represented in Figure 16, was produced to get an understanding of how the heat flowed
from the hot fluid to the cold fluid over the TE element. The top of the model represented the hot side
reservoir, pump, pump controller, and heat exchanger. The bottom of the model is a mirror of the
same system for the cold side heat exchanger. In between the hot and cold side systems, the TE ele-
ment is simulated with thermal masses connected to the TE Simulink model represented in Figure 14,
with a convective heat transfer block simulating the heat transfer trough the TE element to the cold
side.

Pump controllers were programmed with PI controllers to control torque feed to the pump blocks and
modeled to represent a real centrifugal pump sized for the application of cooling water at the hot side
flow, specified by Volvo Penta in Section 6.2.

Fluid & heat dynamics simulation

The simulation was set up to model the expected dynamics. The focus was shifted to implementing
realistic values into the Simscape model by modeling the heat exchanging elements in the Comsol.

Comsol simulations required a geometry to simulate. This is where the detailed design process be-
gan. The basic model is inspired by a paper by Gao et al.[33] where they propose a sandwiched design
where one layer of TE elements are placed on both sides of a heat exchanger to transfer the heat from
the warm fluid to the TE elements. In their case the cold side of the elements were cooled by the alu-
minum housing of the generator. The new design was clearly inspired by their work as it lends itself
well for expansion with a higher number of elements.

Figure 17: Farly iteration of the TEG Comsol model
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Figure 17 shows the basic layout that the simulations started with. The blue color shows the fluid
channels, encased by the gray color; hot and cold heat exchangers. The middle shows 7 TE elements
of HZ20HV([34] type.

The HZ20HV TE module consists of 160 thermocouples electrically connected in series and thermally
connected in parallel. The thermocouples are a pair of dissimilar conductors, in this case Bismuth Tel-
luride (BisTes). Use of the HZ20HV for the model is a good representation of an available, industrial
grade, modern TE element. The small size of 68 x 74.5mm? lends itself well for a very scalable TEG
design.

This design was optimized for different fluid flows and pressures within the assumptions made, see sec-
tion 6.2. Iterating simulations led to geometry changes of the heat exchangers from the results of differ-
ent studies. The subjects studied were Heat Transfer in Solids and Fluids, Comsol type ht, and Lami-
nar Flow, Comsol type spf.

Figure 18: Isothermal Contours shown in Figure 19: Temperature shown in color,
over the heat excgangers corossections and indicating a uniform heat flow over the
TE elements length of the heat exchangers

Figure 21: Pressure of the
heating/cooling media over
the length of the heat
exchangers

Figure 22: Wall temperature
of the heat exchanger
channels

Figure 20: Velocity of each
individual heat exchanger
channels

The output files show the solids; temperature and Isothermal Contours and for the fluids; velocity,
pressure and outlet temperatures. An example of the output file is presented in Figures 18-22.

After achieving a geometry that behaved in a reasonable manor, data was exported via probes placed
on the mating surface of each TE element. In addition to in- and outlet pressures for the hot and cold
sides heat exchangers to export a .txt file to import into MATLAB. The amount of of data from the
Comsol simulations produced required changes to fit the Simulink model.
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An altered model was produced to import different Comsol results/Data sets and built a matrix of
the resulting values. Each data set included hot/cold side temperatures for all 7 TE junctions and in-
Jout pressures for both heat exchangers. Another corresponding matrix was produced to represent the
change in input variables, namely the total number of heat exganger (HEX) elements. One HEX ele-
ment is represented in the above geometries with two heat exchangers (hot and cold) and the 7 sand-
wiched elements. Iterating the model over a different amount of element assemblies changed the mass
flow of heating/cooling media through the heat exchangers and effected all output variables.

After setting up the in- and output matrices in MATLAB, iterative calculations were preformed to pro-
duce presentable values to the team and the reader. The results were then plotted and interpreted.
After changing how the Simulink ran the TE power output calculations were changed to a separate file
which iterates over the 7 TE elements to calculate there individual power outputs. Pump power was
set as function of pressure loss over the heat exchangers, and calculated similarly to equation 4. The
resulting total power output could was calculated as

WNet = WTE - Wpump (17)

with Wyet as the net power output of the system, Wrg the total power output from the TE elements

and Wpump is required power to overcome the pressure drop over the heat exchangers. A cost matrix

was produced to calculate how the total unit cost changed with the number of TEG modules, this cal-
culation is represented below.

Cost = 7-nTE - CostTE (18)

where nT E represents the number of HEX elements, CostTE is the unit cost for one Thermoelectric
element and 7 being a multiplier, as there are 7 TE elements for every HEX element. The total power
output was divided by the cost value to give a $ value to every watt of power produced by the unit.
This value is not to be taken as a real value, just an indicator of the change in total unit cost with
differing numbers of HEX modules. For every 7th multiple of TE elements there is a cost for the cor-
responding heat exchangers, but the price of them individually should scale with the number of TE
elements. Pump costs are not evaluated in this calculation.

The team found reason to quantify the value of the temperature change, or AT over the TE junctions
of one HEX element; as ” Temperature homogeneity,” constructed to show how much the temperature
differs over the length of the heat exchanger. This is dependent on mass flow, i.e number of HEX ele-
ments is defined as follows.

THomo -

T‘i - Tou
‘t , (19)

Tin

where THomo is the number compared for different configurations. Ti, and Ty, represents the mating
surface temperature for the TE junctions at the first TE element, and the last element with regard
to the flow direction, respectively. The absolute value of the fraction gave both hot and cold heat ex-
changers a positive value output to interpret.
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Initial Data

In the model it is assumed that the heat exchangers are of stainless steel, and that the piping loss for
the pumped fluid is close to zero. This is different than that of the heat exchanging cores, along with
the data given by Volvo Penta. For the simulation, both of the fluid flows are of clean, fresh water
quality, negating any scaling particles or mixes of any minerals.

The following data was provided by Volvo Penta:

Outlet flow from Fuel Cell 245 - 2801/min

Temperature of this outlet flow is 75°C

Ambient temperature 20°C

e Pressure is load dependent, but around 2bar at max load
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6.3 ORC Subsystems

The proposed Organic Rankine Cycle system consists of five subsystems: primary heat exchanger, tur-
bine, regenerator, pump, and a water cooled condenser. The primary heat exchanger essentially trans-
fers the dissipated low temperature heat from the fuel cell stack to the working fluid. This fast moving
heated fluid then moves to the turbine which rotates, spinning a generator to produce electricity. The
working fluid vapor at the low pressure is cooled to be a saturated liquid phase in the condenser by
the air, which is then pumped back to the regenerator, completing the Rankine cycle. The regenera-
tor, takes in the cold liquid, heating it up using the waste heat from the fluid used in the turbine for
improved efficiency.

Heat exchangers

The simscape model uses the Number of Transfer Units (NTU) method to calculate the rate of heat
transfer between the two liquids in all of its heat exchangers. The NTU method is very useful for all
flow arrangements when doing numerical calculations and suits our situation well.[35] It introduces the
variable heat exchanger effectiveness (), which is a dimensionless number ranging between 0 and 1.

€ — Gact 7 (20)

qmax

where ¢max is the maximum possible heat transfer in the exchanger, which would be attained if one of
the fluids was heated equally to the maximum temperature difference present in the exchanger, this
would be the difference in entering temperatures for the hot and cold side, gac; is defined as:

Qact = C’h (Thz - Tho) — CC(TCO - Tci)7 (21)

where C,. and C}, are the heat capacity rates (i.e, mass flow rate multiplied by specific heat) for the
hot and cold fluids respectively. T and T, denotes hot and cold fluid, subscript i and o denotes inflow
and outflow. The method also introduces a values to NT'U, which is indicative of the size of the heat
exchanger

UA

Cvmin ’
where Chi, being the smaller of the heat capacity rates and Ci.x being the larger, A being area and U
the overall heat transfer coefficient. It can then be shown that for any heat exchanger that

Cmin
Cmax

NTU =

(22)

e= f(NTU, ), (23)

this equation takes the following form for our counter-flow exchanger

1 —exp[-NTU(1+ C,)]

= 24
cTI- Crexp[-NTU(1 — C,)] (24)
with o
= min 2
O = G (25)

being the heat capacity ratio of the system.
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Turbine

In the turbine calculations of simscape, the pressure drop and flow rate are scaled from the specified
nominal operating condition based on Stodola’s ellipse relation. It has long been recognized,[36] that at
any point in the expansion downstream of the throttle the pressure-flow relation may be approximated
by
: Wi
Mass Flow Coefficient = —— = Constant, (26)

i

Vi

where W; is flow to next stage, P; is shell pressure and V; is specific volume with the subscript ¢ denot-
ing any point in the expansion. Stodola’s ellipse relation[37] then states that

By o \[1- (f;) (27)

where ®; is the mass flow coefficient described earlier, P; is inlet total pressure and B; is exit static
pressure.

6.4 ORC Simulation

While the ORC is already a well studied method, and the team does not expect the results from the
simulations to differ from available numbers, regarding its efficiency. It was important that the team
provides its own simulations to further strengthen the argument for its application here. Earlier re-
search and applications suggested a 4-6% increase in efficiency, with temperatures below 100°C.[27]
The performed simulations should have provided a similar number if the reference is to be trusted.

Design Specifications

The Rankine cycle has several variations but the one most suited for our system is the ORC, with a
regenerator[38], using a working fluid that evaporates at a temperature much lower than the waste heat
outflow from the PEMFC. As such, the team simulated this using values from the given situation.

The following Figure 23 was illustrated to be a visual model for our system, using this as a basis the
team created a complex Simscape model with various subsystems to model the ORC.
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Figure 23: An early sketch of the ORC system design
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Figure 25: Hot side Heat Exchanger as modelled in simcape for the ORC system
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Calculations

The main argument for choosing a simulation with Simscape was, as mentioned earlier that it simpli-
fied the calculations and coding part significantly. Since the fluid inside the system is under constant
change of temperature, pressure, enthalpy, flow and phase, the fact that a trusted computer system
did the mathematics was almost a requirement for the simulations and calculations to be trustworthy
regarding the ORC.

Initial Data

The working fluid in the system was Pentane, as it provided the best values in the simulations. How-
ever, research suggested that R-123 might be the superior option.[7] While it is not expected that the
outcome will be vastly superior, it is worth a mention and could be subject to further research.

The following data was provided by Volvo Penta and is used as boundary conditions for the system in
the computer calculations for the differential equations.

Outlet flow from Fuel Cell 245 - 2801/min

Temperature of this outlet flow is 75°C

Ambient Temperature 20°C

e Pressure is load dependent, but around 2bar at max load
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7 Results and Illustrations

In this section the final designs and results of the chosen concepts are are presented.

7.1 Thermoelectric Generator

The Thermoelectric generator (TEG) is an interesting mix, with relatively simple-to-understand dy-
namics and physical layout. Given the limited amount of previous research existing on the topic, the
simulation regime had to be created from the ground. The process of having to create this simulation
regime presented an unexpected task not anticipated at the start of this project.

System Analysis

The simulation work comprised of two different routs at the end; a generic Simulink/Simscape solution
showing the correct characteristics but hard to tune into real values, and a more specific simulation
with the Comsol/MATLAB mix. Conclusions were drawn from both models, real, or close to real val-
ues from the second model, and the trends of the system dynamics were examined in the first model.

The software used showed huge potential and helped a great deal for the calculations. The program-
ming interface gave us all the calculations ready to use. The only programming required was to create
simple equations to draw understandable conclusions from the data. Below the data collocated from
the second model is presented, which for this project produces the usable values.

Comsol/ MATLAB model

The heat exchange model was first created in Comsol, and the results exported to MATLAB in matrix
form. The export file included temperature and pressure data from the Comsol file. Results are all for
low pressure application running from ~ 500Pa down to =~ 10Pa of AP over the heat exchangers.
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Figure 26: Resulting plots TEG simulation, upper left shows resulting power output, upper
right shows Power consumption of the pumps, lower left shows cost per watt of power output
of TE elements and lower right shows temperature homogeneity, all of them showing number
of HEX modules on the z-axis

Top left of Figure 26 shows the main output data from the simulation, providing a maximum power
output of 5400W of power output with one hundred heat exchanger (HEX) modules, with the power

output being negative for < 5 HEX modules, due to the high back pressure to the power output, more
pump power was required to force the fluid through the system than is produced by the system itself.

The pump data plot in Figure 26 shows the power consumption by the pumps in the system, decreas-
ing fast as more HEX modules are added as the split fluid flow decreased the pump force required.

The cost plot is based on Equation 18 and indicates the efficiency of the Thermoelectric elements in-
stalled, the result was higher efficiency of the modules when there were less of them installed. The
temperature homogeneity plot represents a number created to show the temperature change over the
number of TE junctions for each module, with an increasing delta over the length of the module. As
the number of modules were increased the mass flow decreased for each module.
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Figure 27: Polynomial fit 2nd deg] Power Output to number of TE elements, z-axis
representing number of HEX modules and y-azis representing the resulting power from the
generator in W

Figure 27 expands on the results shown in Figure 26, adding a polynomial fit function to the 9 data
points of the top left Figure. It is clear there is a decreasing slope over the data points, indicating that
there is a max value of HEX modules that can be added for the specified heat flow and flow regime
with decreasing yield.
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Figure 28: Polynomial fit [Lst deg] AP hot side to number of TE elements, z-axis representing
number of HEX modules and y-azis representing the pressure loss over the hot side HEX in
Pa.
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Figure 29: Polynomial fit [Lst deg] AP cold side to number of TE elements, z-axis
representing number of HEX modules and y-axis representing the pressure loss over the cold
side HEX in Pa.

Figures 28 and 29 provided the data for the pressure loss over one HEX element, for either hot or cold
sides. As evident from the Figure, there was a sharp decline in the back pressure as the number of el-

ements increased. This has a direct relationship with the power consumption of the pumps, increasing
the power output as pump work goes down and power output increased.

Additionally, it was evident that the pressure differential was so close to equal over the hot and cold
sides that; in this case they can be seen as the same value. This came down to the use of a completely
mirrored design of the heat exchangers and close to the same mass flow of the thermal liquids.
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Figure 30: Polynomial fit 2nd deg] hot side temperature homogeneity to number of TE
elements, x-axis representing number of HEX modules and y-axis representing temperature
homogeneity as a dimensionless number

The temperature homogeneity value was constructed to give a numerical value to the temperature dif-
ference over the TE junctions mating surface of one HEX element, represented in equation 19. It was
noted that the homogeneity was decreasing with a higher number, indicating that the difference is pro-
portionally higher. However, the value was slowly converging with some significance, similar to the to-
tal systems output plot, in Figure 26.
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Materials

Thermoelectric generators are constructed by four main components. There are systems that interface
with the heat source called hot and cold heat exchangers. Thermoelectric materials, called semicon-
ductors generate power directly from the temperature difference of its elements. These materials must
have a high electrical conductivity and a low thermal conductivity. These parameters are necessary to
ensure that when one side of the TEG is hot, the other will remain cold. Having a low thermal con-
ductivity helps to generate a larger voltage within the temperature gradient. Several semiconductors
have shown great potential for use in a TEG, such as bismuth telluride, lead telluride, and silicone ger-
manium. However, some of the ideal semiconductors contain rare earth metals, which are particularly
expensive.

CAD Drawings

Figure 31 is a concept visualization of the Thermoelectric generator. The visualization has three layers
in total: hot heat exchangers and two layers of cold heat exchangers. As depicted, the hot side heat
exchangers are twice in size compared to the cold side heat exchangers. This is to ensure that a hot
heat exchanger each faces a cold heat exchanger, with TE semiconductors sandwiched in between. The
pump on the right side is connected to plenums that connect to the cold heat exchangers while the
pump on the left side is connected to plenums that connect to the hot heat exchangers.

Figure 31: CAD Render of Thermoelectric Generator

Figure 32 shows the outline of a Thermoelectric generator with the plenums and pumps removed, for a
better view of the cold and hot heat exchangers.
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Figure 32: TEG Dimensions in meters

Figure 33 is a front facing view of one element, the bottom layer is the hot heat exchanger while the
top layer is the cold heat exchanger.

Figure 33: TEG Single Element Front View

Figure 34 is more similar to how the TEG will look as more layers of the Thermoelectric module, along
with additional heat exchangers get added. With the single element drawing in mind, Figure 34 shows
a front view of 18 elements stacked together, along with the sizing of each layer and whether each layer
is a cold heat exchanger, hot heat exchanger, or a semiconductor.
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Figure 34: Detailed Dimensions of Front Facing TEG (millimeters)

Cost

The TEG produces electricity directly though semiconductors and has no moving parts that require
additional maintenance. While little to no maintenance costs are an advantage, the design has sub-
stantial production costs that have created barriers for development in the past. In previous industrial
applications, the only TE modules available were made of bismuth telluride (BiyTes), an expensive and
toxic rare earth element. Each TE module can cost up to $100 per module. The toxicity and high costs
implications from using bismuth telluride have make research and advancement in new TE elements
attractive. For example, organic TE elements such as conductive polymers are effective in low tem-
perature heat recovery applications.[39] These materials are easy to manufacture, and have potentially
lower costs as printing technology can be scaled easily. The high costs of rare earth elements used in
producing Thermoelectric elements has discounted the use of TEGs in many applications. However,
with the development of cheaper and more efficient materials, TEGs are being looked at again for use
in WHR applications.[39] Furthermore, as the system and each of its sub-components are still in devel-
opment, it is impossible to produce an exact cost ($/kW) or total installation cost for the TEG.

Results

The net power output of the analyzed TEG concept system solution after taking potential pump head
losses, and negligible heat loss to the surrounding into account is 1184W for 18 HEX elements repre-
sented in the CAD drawings in Section 7.1, and 5400W for the largest simulated system of 100 HEX
elements. There are no moving parts which makes maintenance easy. However, the semi-conductors
simulated have a high capital cost. The solution concepts can be improved over time with more re-
search and development but the potentially high efficiency cannot be quantified at this moment.

These results amount to an overall efficiency increase of 0.39% for the 18 HEX elements and 1.8% for
the most powerful design of a 100 HEX elements. The thermal efficiency is nipermar = 0.59% for 18
HEX and 7permar = 2.7% for the 100 HEX element configuration.

In these calculations the heat loss to surroundings has been neglected, and the system is assumed well
insulated. In practical terms insulation should be efficient with the simple and compact dimensions of
the design.
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7.2 ORC

This section presents the ORC simulation results, materials, a CAD model of the system and the po-
tential cost of manufacturing.

System Analysis

For the system, it is important to understand that since the only constant values are the heat flow into
the hot side heat exchanger and the sea temperature (which for this situation is assumed constant), ev-
ery equation related to the working fluid will be connected in a grand system of differential equations.
As such, it is not practical to solve this without computer assistance.

The report will still continue to list the most important equations to understand the system. However,
since the exact values for these equations vary over time as the system is running, graphs of the values
from the simulations will also be included for further understanding.

The most important factor in generating power from the ORC system is the enthalpy of the working
fluid, and while this varies slightly with just temperature it is much more about evaporating and con-
densation the fluid. It is for this reason a fluid (Pentane) that evaporates at a temperature much lower
than the heat flow into the system, at 36°C[40] as compared to the inflow of water at 75°C, was se-
lected.

For visualization purposes Figure 35 shows the vapor quality of the working fluid prior to and after the
turbine. The system needs a couple seconds to reach steady state, which is why the first seconds of the
plot seem to oscillate.

Figure 35: Vapor fraction of the working fluid plotted against time, left is prior and right is
post turbine.

Figure 35 displays that prior to the turbine vapor quality is almost 1, meaning the fluid is almost 100%
vapor, post turbine there is about 20% vapor left, meaning the enthalpy lost over the turbine has caused
the fluid to partially condensate. This is excellent as the electric generation over turbine is calculated
as

Py = m(ha - hb)nis (28)

where h, and h; are the fluid enthalpy before and after the turbine, 1 is the mass flow of the fluid and
Mis 1s the isentropic efficiency of the turbine. The working fluid then flows into the regenerator, where
its residual heat is used to preheat the fluid prior to the hot side heat exchanger. In this regenerator a
heat balance was created in the following manner, where the energy lost from the hot side must equal
the heating effect onto the cold side.
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Q1 =1 (Ty, — Tw,,,) (29)
Q2 = 1ma(Tc,,, — Tc,,) (30)
Q1 =Q2 (31)

where the subscript 1 and 2 reference the hot and cold fluid respectively, @)1 is heat transferred from 1
to 2 and Q> from 2 to 1, but these values must also satisfy equations for the heat exchanger inside the
regenerator

Q1 =UA1ATy, (32)
Q2 = U2A2AT21!“ (33)

where AT, is defined the logarithmic mean temperature, U is overall heat transfer coefficient and A
is the heat exchanger area. The same system of equations is also at place inside both of the heat ex-
changers. One must also take into account the pressure change that occurs during evaporation or con-
densation of the working fluid, as well as the pressure differential caused by the pumps and turbine.
The fluid must always satisfy the following equation:

() -2k -3) g

where AH,, is the enthalpy of vaporization, T and 75 is the temperature before and after respec-
tively, likewise P, and P, is the pressure before and after respectively. One also needs to subtract the
power lost to the pump before a net output can be achieved, it is theoretically calculated as:

W, = 1+ (ha — hs) (35)

where W), is the work done by the pump, hs and h4 is the enthalpy before and after the pump respec-
tively. However, this must also be compared to what is commercially available for the given pressure
differential. The best option that was found was a larger pump for the condenser and then a smaller
for the working fluid, together they consume 3kW worth of power, which along with the output re-
sulted in 15kW net output of they system. This results in an overall efficiency increase of 5% and a
thermal efficiency increase of Minermal = 12%, which is to be compared to the Carnot efficiency of the
system:

~ Tcowa

= 0.158 = 15.8% (36)

TMcarnot = 1
Hot

where Tcolq and Thet are the hot inflow and the sea temperature used for condensing, respectively. A
loss factor of 0.95 has been taken into account when calculating the overall efficiency, to simulate losses
of energy through ambient heating of the surroundings.

Components and materials

The ORC is composed of a generator, turbine, regenerator, cold and hot side plate heat exchanges
(PHX), as well as cold and hot side centrifugal pumps. Additional to these static parts, there an or-
ganic working fluid, Pentane, evaporating and condensing as it moves through the system. This work-
ing fluid will need to be replaced periodically throughout the systems operation.

CAD Drawings

Figure 36 presents a conceptual visualization of the ORC system. The figure shows an evaporator, a
regenerator, a condenser, a turbine, pumps and a generator. The heat exchangers in the figure are all
plate heat exchangers and the pumps are centrifugal pumps. The hot water outlet from the fuel cell
is pumped into the hot side PHX and evaporates the working fluid in the cycle. The cold side PHX is
connected to the sea-water pump to condense the working fluid.
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Figure 36: CAD render of ORC

For the dimensioning of the PHX, the total heat transfer area of the heat exchangers are acquired from
the Simscape modelling of the system described in section 9.2.1.

AHT ~ 4m2

Using GG003 PHX from ONDA Advanced Heat Exchangers Cathalog[41] as standard dimensions for
width and height of HEX plates, the number of plates are given

w = 180mm

h = 480mm
Apug = w - h = 0.0864m?
Anr
PHE

~ 47 plates

The length of the heat exchangers are acquired from ONDA for 25-50 plates, giving a length of 330
mim.

Cost

Majority of the production costs for the ORC is a sum of each component; the evaporator, regenera-
tor, condenser, turbine, centrifugal pumps and a generator. Additional to this, maintenance costs incur
from the working fluid needed in the system during operation. The operation and maintenance costs
are highly dependent on the choice of working fluid. In the ORC system design, Pentane was selected
as the working fluid as it is a good candidate for moderate to low temperature WHR.[42] Generally,
Pentane is more costly than traditional refrigerants such as R123 and R245fa, but cheaper when com-
pared to benzene.[42] Tt is the case that Pentane is also more efficient which justifies the higher mainte-
nance costs.

Results

The resulting net output from our system when taking pumps and losses into account is around 15kW,
which varies slightly depending on what assumptions are made for the turbulence of the pipe flow.
These results from the simulations are in line with researched data and earlier applications, with a
300kW fuel cell a net output of 15kW is an efficiency increase of 5%, which is in line with what was
expected from the aforementioned research[27],[40],[9],[42] and [38].
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7.3 System Interfaces

Both the ORC and TEG systems need to interface and work in conjunction with the fuel cell and other
surrounding systems, as well as with the operators, both in terms of control of the system and to pro-
vide information about the systems performance.

Pumps

In total the ORC requires between two or three pumps and the TEG requires one or two pumps. The
range of pumps for both the systems depends on the head loss over the hot side heat exchanger of the
systems. If the back pressure is < 2 bar the output pressure from the fuel cell can be sufficient to up-
hold the thermal flow, otherwise a boosting pump needs to be installed to overcome the back-pressure.
The back-pressure is calculated in the simulations for the heat exchanger but naturally the total back-
pressure may vary to a large extent depending on the installation and pipe routing of interconnecting

piping.

Both the ORC and TEG require one pump for the cooling water flow. In both simulations this is set to
a similar flow as the heating flow, around 280 lpm in accordance with the initial conditions in Section
6.2 and 6.4.

The pump requires several considerations when choosing type and size, similar to the pump for the
heating flow. Pump efficiency is heavily dependent on running conditions, and there appropriate sizing
for the actual pressure and flow regime. Some initial calculations for pump power was preformed for a
vertically oriented, multistage centrifugal pump with a 5cm in- and outlet port. This type of pump is
used to a large extent on marine vessels for similar purposes for heating and cooling systems. The mul-
tistage design reduces the slip of the pump impeller and facilitates higher efficiency, while increasing
the sensitivity to varying running conditions, furthermore emphasizing the proper design considerations
before installation. With a properly designed system the running conditions should be close to constant
over the whole range of operations of the system, gaining an efficiency of close to n = 50% for this type
of pump [43].

The ORC requires one pump more than the TEG, a circulation pump for the working fluid, Pentane,
which for our simulation was a simple pump model required to pump 1 kg/s of the liquid phase work-
ing fluid. As with the other pumps of the system consideration is to be taken with this pump to make
sure the installation is as efficient as possible to reduce losses to the largest extent possible.

Control process

At its core, both of the systems require very little in the way of control circuits to run and produce
electricity. The TEG system is inherently self-starting as long as the cooling and heating flow are ac-
tivated, and it will produce some output even if the cooling flow is stopped just with the ambient air
as cooling. The ORC have the same requirement but needs to start the working fluid circulation pump
before any power is produced. The baseline requirement for the control circuit should hence be that a
start signal is sent to the WHR system when the FC is in operation to start the both systems pumps.

The systems should be self regulating but there is some merit to install sensors and allow for some op-
timization of the running process based on sensor data.

Utilities

Apart from the thermal liquid supply, data and power connections of both systems requires very lit-
tle from the vessel’s systems. Both units are self contained, and requires no extra cooling, heating or
lubrication from the surroundings.
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8 Discussions

The process of conceptualizing and effectively simulating a WHR system entailed a careful analysis of
various solution concepts. The first set of potential concepts was examined with respect to criteria that
mainly included working temperatures, usability in different ambient conditions, plausible use of output
energy etc. A total of six WHR systems were analyzed, corresponding to the intended application, and
accordingly explored further or eliminated.

One of the biggest challenges of finding an effective solution concept for this application is the work-
ing temperature. Due to the relatively low working temperature of a proton exchange-membrane fuel
cell, the heat dissipated by the system is much lower than what most WHR systems operate at. This
eliminated more than half the concepts from the initial list, leaving only three to be analyzed further.
Thermoacoustics, Thermoelectrics, and the Organic Rankine Cycle emerged as the most viable con-
tenders, and were then further analyzed in depth for efficiency and ease of operation - specifically for
working temperature deltas ranging from 40 to 60°C.

Limiting dimensions or geometry of the conceptualized WHR system was not a major requirement due
to the intended use pertaining only to vessels or other similar marine applications. This allowed the
project and the design process a lot more flexibility, since the addition of a WHR system takes up too
valuable space in other applications.

The Pugh Matrix used revealed that a Thermoelectric generator and an ORC are the two most suit-
able solutions for the intended application. The detailed analysis conducted on these two technologies
required a number of assumptions to be made about the final system due to lack of information avail-
able. Research unveiled a number of theoretical solutions for low temperature WHR. This allowed the
team to approximate certain parameters based on plausible assumptions. This might affect the viabil-
ity of the solution concepts provided adversely when being implemented. However, the opposite holds
true as well. The lack of development in fairly novel technologies, such as TA and TEG, leaves room
for much better operating conditions which can be obtained with time through research and develop-
ment. In the future, these two technologies could prove to be even more efficient than the ORC mod-
eled. The ORC is a mature technology that has been improved over time which makes it less prone to
getting better than the other two discussed which lack thorough analysis of all potential applications
tremendously.

During the extensive amount of time put into this task by the team, it was made clear that while there
are a wide array of systems that theoretically could be used for low temperature WHR. Most of them
are simply not efficient enough when compared to the ORC. The industrial standard is what it is for a
reason, and while research like this should be done regularly to further technology, and not take any-
thing for granted, we have failed in providing a competitive option to the ORC. While disheartening to
some, the simple truth is that the alternative options lose out in such a major fashion when it comes
to efficiency, that they are too easily ruled out when it comes to commercial decision making for an
industrial use like this. To further amplify this effect, the low potential of the system stemming from
the fact that the temperature differential is extremely low, makes almost every system a net loss case
scenario. Most methods are simply not effective at such low temperature, and this is especially obvious
when compared to the industrial standard system, ORC.

While the previously mentioned problem caused by the low temperature differential posed a serious
problem, the saving grace for the system was the marine application. This meant that the size of the
system was no serious restriction, and that the weight did not cause any affliction on the efficiency of
the solution. If the application was that of, for example, a car, every kilogram of additional weight
caused by the system would lead to massive losses for the performance of the car itself. But because
Volvo Penta was looking at a marine application for a larger vessel, one can almost freely increase the
weight without having to balance it against such a negative side-effect. Another large benefit of the
marine application was the infinite access to a cooling medium through the sea water, not having to
use the less effect option of air cooling, the condenser has a large effect on the net output.
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Our results quite clearly state that the ORC was the far superior option for low temperature WHR,

in a marine application, and while this will not change anytime soon, the TEG, the TA and other op-
tions earlier excluded systems are all subject to vast improvements as the technology is nowhere near
as mature as the ORC. The world is seeing large amounts of research being done on these systems and
it is not unreasonable to expect that they will at some point become competing options for an applica-
tion such as this. Since a lot of research is being conducted on waste heat recovery, and because of the
environmentally friendly aspect of the TEG system, it is a front runner for further development Fur-
thermore, the sizable amount of resources being committed to research of semiconductors that might
directly influence the efficiency of the TEG. As corporate entities are now being heavily rewarded for
their work in this area, both because of the speed of which new regulations are being created, but also
because of the positive change on their public image. As these have both become major aspects of cor-
porate success in modern times, this could likely become a major argument for choosing it over the
ORC, as TEGs Carbon Oxide footprint cannot be paid back during its life-cycle according to the aver-
age pay back time [40]. This argument currently pales when considering how efficient it is compared to
its alternatives. If further research could lead to an increase in the output of a TEG, which currently
looks to be on the horizon, along with the scalability and ease of operation, it could overtake as the
new industry standard for WHR.

8.1 Meeting Customer Needs

What follows is a discussion on the costumer needs established earlier in the process as per Table 1

Efficiency

The objective efficiency target for the WHR system was set to be 5% increase of the overall fuel cell
efficiency paired with a 15kW increase in electricity output. The ORC as simulated in Simulink meets
the efficiency object with achieving a 5% overall increase in the 300kW fuel cell modeled. This equates
to an additional output of 15kW after losses are accounted for. The TEG, on the other hand, does not
meet the efficiency threshold as its overall increase in power is slightly less than 1%, or 1kW net power
output.

Production Costs

Production costs for the ORC are determined to be competitive as all of its components are readily
available to be manufactured and distributed without anticipated research and development. The com-
ponents that make up the TEG, on the other hand, are far too expensive to justify given its compara-
bly low efficiency. The Thermoelectric elements and modules that are needed in the TEG design are
often made of toxic, rare earth metals. As technology advances with the invention of environmentally
friendly and efficient materials, however, the TEG may become viable for industrial production. In
summary, although the TEG is a reliable system in its own right, other more affordable applications
currently exist to choose from for WHR on a marine vessel.

Operating Costs

The ORC requires frequent maintenance as the working fluid, Pentane, will need to be replaced period-
ically. Volvo Penta may not mind this recurring maintenance requirement as the financial responsibility
will fall on the end-users. The system is also complex as it is comprised by five distinct subsystems.
The TEG has no operation and maintenance costs as there are no moving parts or working fluid in-
volved for operation.
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Ambient Conditions

ORC proves to be the more efficient system with an aforementioned power output of 5kW. The work-
ing fluid, Pentane, plays a huge role in ensuring optimal operations at low temperature. A low boiling
point of 36.1°C allows Pentane to easily turn into vapor at low temperatures. This helps in achieving
a decent efficiency in WHR from a fuel cell stack dissipating heat at temperatures ranging from 60 to
80°C. The TEG is modeled to run at 70°C and above. The system is extremely durable and reliable,

as it has historically been used in space probe applications. Each system would be suitable to operate
in a marine vessel.

Maturity

The ORC is objectively mature as this system has been used dating back to the 1950’s. Preliminary
research revealed that this tried and tested method commonly increase the overall efficiency of power
generation by generation 4-6% by means of WHR. Our system reached 5%. It has proven to be a chal-
lenge among researchers and industry professionals to increase the efficiency of the system past this
level. Semiconductors and Thermoelectric materials used in the production of TEGs however are re-
ceiving a lot of attention due to their potential for advancement in efficiency. The advancement and
decline in price of the TEGs subsystems has the potential to help the TEG become industrialized in
the future.

Physical Dimensions

The ORC has many moving parts and is rather large compared to the TEG. This has negative impli-
cations regarding the viability of this system being used in smaller applications, such as automobiles.
The TEG is rather compact with limited moving parts and would be viable for other applications.
Both systems are sufficient for a marine vessel.

8.2 Environmental Risks and Hazards

Both the TEG and the ORC come with their own separate risks. For example, the TEG requires min-
ing of telluride and bismuth for its semiconductors. A possible hazard is the potential of a violent re-
action resulting from contact of bismuth telluride with strong oxides and the potential of toxic gas
emerging from contact with moisture.[39] Additionally, doped bismuth telluride is known to cause non-
fibrotic lesions in the lungs of exposed animals. There is also a known effect of “garlic breath” to ex-
posed humans and a known irritant to the eyes.

When looking at the ORC system, the main component of the system that poses possible hazards is
the ORC working fluid (Pentane). There are many levels of safety hazards at every stage of the com-
ponent’s life-cycle, including contact/safety, system design and disposal related hazards. In this case,
the unavoidable leakage of hydrocarbons and Carbon Dioxide in practical use, poses a serious flamma-
bility risk.[7] It is therefore critical that a gas-detecting mechanism is in place along with the ORC sys-
tem. Additionally the fluid’s extremely low flash point of -49°C makes storing fluid and designing the
containment pipes extremely important.[7] Pentane is also eco-toxic and must be disposed in a proper
manner, especially given that the system is designed in the context of a marine application.
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8.3 Risks

Risks are always present in mechanical systems like these, and designing a secure system with this in
mind is of utmost importance for the engineers responsible. The TEG system being devoid of moving
parts does provide it with a significant advantage in this regard, as stationary parts are under an al-
most insignificant risk of breakage. However, an individual TEG element could malfunction causing the
electrical circuit to be disjoint and prevent the electricity to properly flow through it. Because of this,
being able to open the system and replace wires must be possible in the final design. The ORC system
does come with a lot more moving parts and thus, an elevated risk of mechanical failure when com-
pared to the TEG. Still, under the assumption that something does malfunction, the ease of which the
included subsystem could be repaired makes it superior to the TEG system from a service perspective.

8.4 COVID-19

While the COVID-19 situation around the world is currently hopeful because of the ongoing vaccina-
tion, there has been no avoiding its effect on the work done during the course of this spring term, and
the team has not been exempt from this. The logistical complexities that were present during the pro-
cess mostly related to the inability to have physical meetings. While the team members are used to
this after having worked through the regulations for over a year, there is no denying that the cohe-
sion of the teams and the quality of the meetings would have been improved had the team been able to
physically meet. Video meeting software has been used to host both our own meetings and the meet-
ings with the supervisors. These meetings have, at times, been a bit disorganized and not very well
planned. They have been the responsibility of the students and regrettably the team did not make the
most of them. It is believed that had they been physical meetings the team would value them higher
and more work would have been put into making the most of them.
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9 Conclusions

Recovering waste heat from energy systems is the only way of increasing efficiency. An in-depth anal-
ysis of two WHR systems, a TEG and an ORC, was conducted in order to conceptualize, design, and
simulate an effective way of recovery low temperature heat dissipated from a proton-exchange mem-
brane fuel cell. ORC proves to be a better alternative to TEG for the intended application. Simula-
tions suggest that the ORC system is more efficient (5%) with a higher output of 15kW compared to 1-
5kW in the case of TEG. Moreover, with ORC being a more mature technology, low maintenance costs
and expenditure on research and development are to be expected. TEG is more costly and at the same
time less efficient. This could change in the future with further development of the technology. How-
ever, since it is so novel, the true potential of high efficiency cannot be quantified for this application at
the time of writing. In addition to the results obtained in the report, the Simscape models used for the
solution concepts can be used by the sponsor, Volvo Penta, for further analysis of these technologies.

— page 55 —



REFERENCES Waste Heat Recovery for Fuel Cells

References

1]

[10]

[11]
[12]

[13]

[14]

Anthony Florita, Bri Mathias Hodge, and Kirsten Orwig. “Identifying wind and solar
ramping events”. In: IEEFE Green Technologies Conference. 2013, pp. 147-152. I1SBN:
9780769549668. DOI1: 10.1109/GreenTech.2013.30.

Manoj K. Mahapatra and Prabhakar Singh. “Fuel Cells: Energy Conversion Technol-
ogy”. In: Future Energy: Improved Sustainable and Clean Options for Our Planet. Ed.
by Trevor M. Letcher. Elsevier Science & Technology, 2013. Chap. 24, pp. 511-548. 1SBN:
9780080994246. URL: http://ebookcentral.proquest.com/lib/pensu/detail.action?docID=
1562334.

M. Saufi Sulaiman, B. Singh, and W. A.N.W. Mohamed. “Experimental and theoretical
study of thermoelectric generator waste heat recovery model for an ultra-low tempera-
ture PEM fuel cell powered vehicle”. In: Energy 179 (2019), pp. 628-646. 1sSN: 03605442.
DOI: 10.1016/j.energy.2019.05.022.

Regeringskansliet. Handlingsplan Agenda 2030. Tech. rep. Stockholm, Sweden: Finansde-
partementet /Kommunikationsavdelningen, 2016, p. 82. URL: https://www.regeringen.
se /49e20a / contentassets / 60a67balec8a4f27b04cc4098fa6{9fa / handlingsplan- agenda-
2030.pdf.

Cengiz Haksever, Radha Chaganti, and Ronald G. Cook. “A Model of Value Creation:
Strategic View”. In: Journal of Business Ethics 49.3 (Feb. 2004), pp. 295-307. 1SSN:
1573-0697. por: 10.1023/b:busi.0000017968.21563.05.

Evgeni B Starikov. “What Nicolas Leonard Sadi Carnot wanted to tell us in fact”. In:
La Pensee journal 76.6 (2014), p. 172. por: 10.13140/2.1.4348.5120. URL: https://www.
researchgate.net /publication/263026757.

Bahaa Saleh et al. “Working fluids for low-temperature organic Rankine cycles”. In: En-
ergy 32.7 (2007), pp. 1210-1221. 1ssN: 03605442. por: 10.1016/j.energy.2006.07.001.

Steven Lecompte et al. Review of organic Rankine cycle (ORC) architectures for waste
heat recovery. July 2015. DOI: 10.1016/j.rser.2015.03.089.

Jamal Nouman. “Comparative studies and analyses of working fluids for Organic Rank-
ine Cycles - ORC”. PhD thesis. KTH School of Industrial Engineering and Management,
2012, pp. 1-159.

Basel 1. Ismail and Wael H. Ahmed. “Thermoelectric power generation using waste-heat
energy as an alternative green technology”. In: Recent Patents on Electrical Engineering
2.1 (Jan. 2009), pp. 27-39. 1SSN: 18744761. po1: 10.2174/1874476110902010027.

Kariper A Smith A. GregoryyW..Swift Thermoacoustics A Unifying Perspective for Some
Engines and Refrigerators Second Edition. Tech. rep. June 2015.

Lord Rayleigh. “The Explanation of Certain Acoustical Phenomena”. In: Nature 18.445
(1878), pp. 319-321.

Zhibin Yu and Artur J. Jaworski. “Impact of acoustic impedance and flow resistance

on the power output capacity of the regenerators in travelling-wave thermoacoustic en-
gines”. In: Energy Conversion and Management 51.2 (2010), pp. 350-359. 1SSN: 01968904.
DOI: 10.1016/j.enconman.2009.09.032. URL: http://dx.doi.org/10.1016/j.enconman.2009.
09.032.

S L Garrett and S Backhaus. “The power of sound - Sound waves in ”thermoacoustic”
engines and refrigerators can replace the pistons and cranks that are typically built into
such machinery”. In: American Scientist 88.6 (2000), pp. 516-525.

— page 56 —


https://doi.org/10.1109/GreenTech.2013.30
http://ebookcentral.proquest.com/lib/pensu/detail.action?docID=1562334
http://ebookcentral.proquest.com/lib/pensu/detail.action?docID=1562334
https://doi.org/10.1016/j.energy.2019.05.022
https://www.regeringen.se/49e20a/contentassets/60a67ba0ec8a4f27b04cc4098fa6f9fa/handlingsplan-agenda-2030.pdf
https://www.regeringen.se/49e20a/contentassets/60a67ba0ec8a4f27b04cc4098fa6f9fa/handlingsplan-agenda-2030.pdf
https://www.regeringen.se/49e20a/contentassets/60a67ba0ec8a4f27b04cc4098fa6f9fa/handlingsplan-agenda-2030.pdf
https://doi.org/10.1023/b:busi.0000017968.21563.05
https://doi.org/10.13140/2.1.4348.5120
https://www.researchgate.net/publication/263026757
https://www.researchgate.net/publication/263026757
https://doi.org/10.1016/j.energy.2006.07.001
https://doi.org/10.1016/j.rser.2015.03.089
https://doi.org/10.2174/1874476110902010027
https://doi.org/10.1016/j.enconman.2009.09.032
http://dx.doi.org/10.1016/j.enconman.2009.09.032
http://dx.doi.org/10.1016/j.enconman.2009.09.032

REFERENCES Waste Heat Recovery for Fuel Cells

[15]

[19]

[20]

[23]

E Bruce Lee. “Mathematical aspects of thermoacoustics”. PhD thesis. Eindhoven Uni-
versity of Technology, Eindhoven, Netherlands, 2009, pp. 17-29. 1SBN: 9789038618623.
DoI: 10.6100/TR642908.

Mitchell Mcgaughy. “Design and Analysis of a Single Stage, Traveling Wave, Thermoa-
coustic Engine for Bi-Directional Turbine Generator Integration”. PhD thesis. Clemson
University, All Theses, 2962, 2018. URL: https://tigerprints.clemson.edu/all_theses.

T. Yazaki et al. “Traveling wave thermoacoustic engine in a looped tube”. In: Physical
Review Letters 81.15 (1998), pp. 3128-3131. 1ssN: 10797114. por: 10.1103 /PhysRevLett.
81.3128.

Michael A. G. Timmer, Kees de Blok, and Theo H. van der Meer. “Review on the con-
version of thermoacoustic power into electricity”. In: The Journal of the Acoustical Soci-
ety of America 143.2 (2018), pp. 841-857. 1ssN: 0001-4966. por: 10.1121/1.5023395. URL:
http://dx.doi.org/10.1121/1.5023395.

Kai Wang et al. “Stirling cycle engines for recovering low and moderate temperature
heat: A review”. In: Renewable and Sustainable Energy Reviews 62 (2016), pp. 89-108.
ISSN: 18790690. por: 10.1016/j.rser.2016.04.031. URL: http://dx.doi.org/10.1016/j.rser.
2016.04.031.

J. A. Mumith, C. Makatsoris, and T. G. Karayiannis. “Design of a thermoacoustic heat
engine for low temperature waste heat recovery in food manufacturing: A thermoacous-

tic device for heat recovery”. In: Applied Thermal Engineering 65.1-2 (Apr. 2014), pp. 588—
596. 1sSN: 13594311. por: 10.1016/j.applthermaleng.2014.01.042.

Kees De Blok. “Multi-stage traveling wave thermoacoustics in practice”. In: 19th Inter-
national Congress on Sound and Vibration 2012, ICSV 2012 2 (2012), pp. 1573-1580.

W. Mohamed and M. Kamil. “Hydrogen preheating through waste heat recovery of an
open-cathode PEM fuel cell leading to power output improvement”. In: Energy Conver-
sion and Management 124 (Sept. 2016), pp. 543-555. 1SSN: 01968904. por: 10.1016/j.
enconman.2016.07.046.

Saverio Latorrata et al. “Use of Electrochemical Impedance Spectroscopy for the Eval-
uation of Performance of PEM Fuel Cells Based on Carbon Cloth Gas Diffusion Elec-
trodes”. In: Journal of Spectroscopy 2018 (2018). Ed. by Jau-Wern Chiou, p. 3254375.
ISSN: 2314-4920. DOI: 10.1155 /2018 /3254375, URL: https://doi.org/10.1155 /2018 /
3254375.

Norbert Wagner. “Electrochemical impedance spectroscopy”. In: PEM Fuel Cell Diag-
nostic Tools. CRC Press, Jan. 2011, pp. 37-70. 1SBN: 9781439839201. po1: 10.1201 /
b11100-5.

Peter Durcansky, Radovan Nosek, and Jozef Jandacka. “Use of stirling engine for waste
heat recovery”. In: Energies 13.6 (2020). 1sSN: 19961073. DOI: 10.3390/en13164133.

Satiye Korkmaz and Afsin Kariper. Pyroelectric nanogenerators (PyNGs) in converting
thermal energy into electrical energy: Fundamentals and current status. June 2021. DOI:
10.1016/j.nanoen.2021.105888.

M. Soltani et al. “A comparative study between ORC and Kalina based waste heat re-
covery cycles applied to a green compressed air energy storage (CAES) system”. In: En-
ergy Conversion and Management 222 (Oct. 2020). 1SSN: 01968904. por: 10.1016/j.
enconman.2020.113203.

The MathWorks Inc. MATLAB, R2021a. Natick, Massachusetts, 2021. URL: https://se.
mathworks.com/.

Comsol AB. COMSOL Multiphysics®), Version 5.6. Stockholm, Sweden, 2021. URL:
https://www.comsol.se/.

— page 57 —


https://doi.org/10.6100/IR642908
https://tigerprints.clemson.edu/all_theses
https://doi.org/10.1103/PhysRevLett.81.3128
https://doi.org/10.1103/PhysRevLett.81.3128
https://doi.org/10.1121/1.5023395
http://dx.doi.org/10.1121/1.5023395
https://doi.org/10.1016/j.rser.2016.04.031
http://dx.doi.org/10.1016/j.rser.2016.04.031
http://dx.doi.org/10.1016/j.rser.2016.04.031
https://doi.org/10.1016/j.applthermaleng.2014.01.042
https://doi.org/10.1016/j.enconman.2016.07.046
https://doi.org/10.1016/j.enconman.2016.07.046
https://doi.org/10.1155/2018/3254375
https://doi.org/10.1155/2018/3254375
https://doi.org/10.1155/2018/3254375
https://doi.org/10.1201/b11100-5
https://doi.org/10.1201/b11100-5
https://doi.org/10.3390/en13164133
https://doi.org/10.1016/j.nanoen.2021.105888
https://doi.org/10.1016/j.enconman.2020.113203
https://doi.org/10.1016/j.enconman.2020.113203
https://se.mathworks.com/
https://se.mathworks.com/
https://www.comsol.se/

REFERENCES Waste Heat Recovery for Fuel Cells

[30] Dassault Systemes. 3DS CATIA. San Diego, USA, 2021. URL: https://www.3ds.com/
products-services/catia/.

[31] Autodesk Inc. Autodesk Inventor. San Rafael, CA, 2021. URL: https://www.autodesk.
com/products/inventor/overview?term=1-YEAR.

[32] Tan H. Bell et al. “Pure and pseudo-pure fluid thermophysical property evaluation and
the open-source thermophysical property library coolprop”. In: Industrial and Engineer-
ing Chemistry Research 53.6 (Feb. 2014), pp. 2498-2508. 1sSN: 08885885. por: 10.1021/
1e4033999.

[33] Xin Gao et al. “Numerical model of a thermoelectric generator with compact plate-fin
heat exchanger for high temperature PEM fuel cell exhaust heat recovery”. In: Inter-
national Journal of Hydrogen Energy 37.10 (2012), pp. 8490-8498. 1ssN: 03603199. DOTI:
10.1016/j.ijhydene.2012.03.009. URL: http://dx.doi.org/10.1016/j.ijhydene.2012.03.009.

[34] Hi-Z Technology. 20 watt module, HZ-20. 2021. URL: https://hi-z.com /wp- content /
uploads/2019/07/Data-Sheet-HZ-20HV-1.pdf.

[35]  Yun Ho Cho and Ho Myung Chang. “An effectiveness-NTU method for triple-passage
counterflow heat exchangers”. In: KSME Journal 7.3 (1993), pp. 282-289. 1SSN: 1738494X.
DpoI: 10.1007/BF02970972.

[36] C. S. Bresolin et al. “Application of Steam Turbines Simulation Models in Power Gen-
eration Systems”. In: Revista de Engenharia Térmica 5.1 (July 2006), p. 73. 1SSN: 1676-
1790. por: 10.5380/reterm.v5il.61675.

[37] David H. Cooke. On predicpion of off-design multistage turbine pressures by stdola’s el-
lipse. Tech. rep. 1984. por1: 10.1115/84-JPGC-GT-14. URL: http://asmedigitalcollection.
asme.org/GT /proceedings-pdf/JPGC1984- GTPapers /79351 /V0O01T04A004 /2513392 /
v001t04a004-84-jpgc-gt-14.pdf.

[38] Zoltan Varga and Baldzs Palotai. “Comparison of low temperature waste heat recovery
methods”. In: Energy 137 (2017), pp. 1286-1292. 1sSN: 03605442. po1: 10.1016/j.energy.
2017.07.003.

[39] Daniel Champier. “Thermoelectric generators: A review of applications”. In: Energy
Conversion and Management 140 (2017), pp. 167-181. 1SsN: 01968904. por: 10.1016 /
j.enconman.2017.02.070. URL: http://dx.doi.org/10.1016/j.enconman.2017.02.070.

[40] A Rettig et al. “Application of Organic Rankine Cycles (ORC)”. In: World Engineers’
Convention. Geneva, 2011, pp. 1-10.

[41] ONDA S.p.A. Onda Advanced heat exchangers, plate € frame. 2020. URL: https://www.
onda-it.com/eng/.

[42] Bertrand F. Tchanche et al. “Economic feasibility study of a small scale organic rankine
cycle system in waste heat recovery application”. In: ASMFE 2010 10th Biennial Confer-
ence on Engineering Systems Design and Analysis, ESDA2010 1 (2010), pp. 249-256.
DoI: 10.1115/ESDA2010-24828.

[43] Grundfos Pumps. CRI 1-10 A-P-A-E-HQQE, Data Sheet. 2021. URL: https://product-
selection.grundfos.com/products/cr-cre-cri-crie-crn-crne-crt-crte/cri/cri- 1- 10-965278397
productnumber = 96527839 & custid = GMA & tab = variant - curves & pumpsystemid =
1297078176.

— page 58 —


https://www.3ds.com/products-services/catia/
https://www.3ds.com/products-services/catia/
https://www.autodesk.com/products/inventor/overview?term=1-YEAR
https://www.autodesk.com/products/inventor/overview?term=1-YEAR
https://doi.org/10.1021/ie4033999
https://doi.org/10.1021/ie4033999
https://doi.org/10.1016/j.ijhydene.2012.03.009
http://dx.doi.org/10.1016/j.ijhydene.2012.03.009
https://hi-z.com/wp-content/uploads/2019/07/Data-Sheet-HZ-20HV-1.pdf
https://hi-z.com/wp-content/uploads/2019/07/Data-Sheet-HZ-20HV-1.pdf
https://doi.org/10.1007/BF02970972
https://doi.org/10.5380/reterm.v5i1.61675
https://doi.org/10.1115/84-JPGC-GT-14
http://asmedigitalcollection.asme.org/GT/proceedings-pdf/JPGC1984-GTPapers/79351/V001T04A004/2513392/v001t04a004-84-jpgc-gt-14.pdf
http://asmedigitalcollection.asme.org/GT/proceedings-pdf/JPGC1984-GTPapers/79351/V001T04A004/2513392/v001t04a004-84-jpgc-gt-14.pdf
http://asmedigitalcollection.asme.org/GT/proceedings-pdf/JPGC1984-GTPapers/79351/V001T04A004/2513392/v001t04a004-84-jpgc-gt-14.pdf
https://doi.org/10.1016/j.energy.2017.07.003
https://doi.org/10.1016/j.energy.2017.07.003
https://doi.org/10.1016/j.enconman.2017.02.070
https://doi.org/10.1016/j.enconman.2017.02.070
http://dx.doi.org/10.1016/j.enconman.2017.02.070
https://www.onda-it.com/eng/
https://www.onda-it.com/eng/
https://doi.org/10.1115/ESDA2010-24828
https://product-selection.grundfos.com/products/cr-cre-cri-crie-crn-crne-crt-crte/cri/cri-1-10-96527839?productnumber=96527839&custid=GMA&tab=variant-curves&pumpsystemid=1297078176
https://product-selection.grundfos.com/products/cr-cre-cri-crie-crn-crne-crt-crte/cri/cri-1-10-96527839?productnumber=96527839&custid=GMA&tab=variant-curves&pumpsystemid=1297078176
https://product-selection.grundfos.com/products/cr-cre-cri-crie-crn-crne-crt-crte/cri/cri-1-10-96527839?productnumber=96527839&custid=GMA&tab=variant-curves&pumpsystemid=1297078176
https://product-selection.grundfos.com/products/cr-cre-cri-crie-crn-crne-crt-crte/cri/cri-1-10-96527839?productnumber=96527839&custid=GMA&tab=variant-curves&pumpsystemid=1297078176

A INDIVIDUAL AREAS OF RESPONSIBILITIES Waste Heat Recovery for Fuel Cells

A Individual Areas of Responsibilities

Hunter Di Domizio Material properties

Chinmay Gupta Fuel cell specifications

Jesper Lidqvist 2D Design/Chalmers Coordinator
Justus Lindqvist MATLAB & Simscape

Shreya Manoj CAD/Penn coordinator

Rosellen Martin Economics

Deeksha Sharma Simulink

Robert Sugumaran CAD /Material properties

Fredrik Ozaras Pugh Matrix

— page I —



B RISK PLAN

Waste Heat Recovery for Fuel Cells

B Risk Plan

Risk Level Risk Reduction Corrective measure
Plan work and communi-
Covid restrictions Low cation to be available to all None
team members at any place
Update the meeting notes af- | Notify team members and
ter every meeting, distribute | distribute the work. Make
Non-distributed work Moderate weekly workload after every sure connected tasks are
Sunday meeting and update planned and noted in the
Gantt-chart accordingly. Gantt-chart.
Ensure that the majority Notify team members and
High individual work- of men}ber_s agree on the diStI'ibl'lte the wqu. See if'
load Moderate work distribution. Track the | extra time is available, or if
project progress and previous | another team member can
workload. share the workload.
Upload all documents to the | Highlight to all team mem-
Poor communication online storage (Box). Only bers the importance of using
between Chalmers & Moderate use communication chan- the proper communication
PSU nels with members from both | channels. Seek advice from
sides. examiners/supervisors.
Let everyone have their opin- | Discuss the problem with the
. ion heard. The majority team see if a solution can
Team conflict Moderate decides when members dis- be found. Seek advice from
agree. examiners/supervisors.
Expanded scope of Clearly stated focus areas of | If risk to deadline or plan-
Moderate research. Limit detail depth ning of work discuss with

work

Missing competence

to the relevant problem.

team on how to limit scope.

A large project team ensures
spread of competence.

Put together a smaller team
of project members with the
best competency in the team
and work together.

Diligent update of the Gantt-

Sunday team meeting plan-
ning the week should refer-

Planning errors Moderate chart. ence the Gantt-chart and
plan any correction.
Clear planning of the Absent person is responsible
Temporary focus shift Moderate project, allow work to be to update the team on work
of team members planned ahead if focus needs | done outside the planned
to be shifted for other work. time.
Needs to be informed as soon | Plan to divide the work be-
as possible and estimated tween other members of the
Unplanned absence Moderate time of absence to be mini- team if the work is time criti-
mized. cal.
. . Work with the latest plan Seek advice from supervi-
Unavailable client con- . . . .
Moderate and information given by sors/examiners at Chalmers

tact

client.

/ PSU.
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C GUIDE FOR USE: ORC MODEL Waste Heat Recovery for Fuel Cells

C Guide for use: ORC model

1. Firstly, one needs to download and install the Coolprop file “PentaneTables”.
2. Then, run the following MATLAB script to set the required variables:

PentaneTables

Tin=273.15+75;

Tout=273.15+15;

Tstart=273.15+20;

Pstart=0.1;

Regen=8;

Output=26;

N_carnot=1-—(273.15+20) /(273.154+75) ;

®w N O s W N

Load the Simscape file named "ORC_Model”.
Press Model Settings.

Go to Solver selection.

Choose ODE45.

Go to Simulation and set Stop Time to 600.

Press Run.

© o N> o s

After the simulation has ran, press and open a scope to study how it varies of time.

H
e

If any additional parameters are to be studied, add an additional scope for it repeat step 7 through
10.
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D GUIDE FOR USE: TEG MODEL Waste Heat Recovery for Fuel Cells

D

Guide for use: TEG model

The simulation regime requires 3 distinct files to be used.

e Matlab Script: Final_Comsol_Matlab.m

e Simulink File: Thermoelectric_Power_Calculations.slx

e COMSOL File: crossflow_heat_exchanger_modified_final.mph

Matlab and Simulink scripts needs to be placed in the same folder to run together without modifica-
tions, the Comsol file runs separately to export value to the Matlab file.

To create a simulation the basic steps are:

10.

. Start COMSOL Multiphysics®) and open the Comsol File.

. Make any changes to files necessary under Parameters! in the Global Definitions. This step re-

quires some intuition into running Comsol and it’s functions. Small changes to geometry or flow
regime should not require any change to the simulation setup and can be run as is to produce
results.

Choose an output location for the result file. This is changed under Results - Tables - Probe Ta-
ble 4 were Storage - Filename can be changed to point to an appropriate folder.

Press Compute and let the simulation run.

Now open the Matlab script and import the by Comsol created value from your assigned loca-
tion. The values should be added under the ”Matrix sim Data” section of the code, and than
ad the new data to the ” ComsolOut” matrix under the ”Fills out the results matrix” comment.
Change "n” to the correct amount of data sets you want the code to compile.

If you want to add more data to the Matlab Script re-run the Comsol file and export the data
after each iterations and fill into the Matlab Script.

When the Matlab Script contains the data sets you want to run you need to make sure that the
"TEG Element Values” are set to the element you intend to simulate with.

. The remaining ”For loop” and subplots will create plots to interpret the results. Modify if needed

to obtain other sets of information.

The Matlab Script will call the Simulink file to get the appropriate results. The Simulink file will
only need modification if the number of TE elements in one HEX has changed from 7.

Press Run in the Matlab Script.
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