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[bookmark: _Toc165065808]DISCLAIMER
This report was prepared by students as part of a university course requirement.  While considerable effort has been put into the project, it is not the work of licensed engineers and has not undergone the extensive verification that is common in the profession.  The information, data, conclusions, and content of this report should not be relied on or utilized without thorough, independent testing and verification.  University faculty members may have been associated with this project as advisors, sponsors, or course instructors, but as such they are not responsible for the accuracy of results or conclusions. 



[bookmark: _Toc165065809]EXECUTIVE SUMMARY
This senior mechanical engineering capstone project is funded and sponsored by Salt River Project (SRP).  This team consists of Courtney Hiatt, Janelle Peña, Steven Galloway, Aaron Espinoza, Maciej Ziomber. Salt River Project is a power company covering much of the Phoenix metropolitan area. Since they cover a large population, they also have many customers. Since the use of solar power has improved in assisting the daytime load creating lower costs of energy during the day, late afternoon and into the night the cost of electricity starts to increase. This time, about 3 pm-8 pm, is known as the peak hours. This is when the cost of electricity is at its highest, and most people are using electricity. The objective of this project is to create a thermal energy storage unit for SRP customers in the Phoenix metropolitan area. This device will be affordable so everyday households can buy and integrate them into their homes. That way, they can reduce their electric bill while they also decrease the temperature in their house. This project's main deliverables are to research technologies available, analyze typical SRP customer electricity usage, consider SRP customer rate programs, propose a set of energy solutions, both technical and economic specifications, and work with the client to build and test a workable design. 
The team has a final design that it is planning on using; it only lacks the final calculations and analysis to confirm the design. The idea of the design is that it will be integrated into an air conditioning cycle. The design starts with a compressor, then to the discharge line into the condenser, then this goes into the liquid line where it connects to a metering device. The metering device will then split into the expansion line, where we will connect a phase change material device, and on the upper line, there will be a thermal mass device with a switch directly connected to the AC device. From the expansion line, it leads to the evaporator and then to the suction line, then back into the compressor, restarting the cycle. The device will be able to run for 4 hours nonstop. Below is a picture of the device and the overall system of how it would work.  The different designs and prototypes that will be connected are also shown.
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[bookmark: _Toc161507419][bookmark: _Toc165065810]Chapter 1: Background
[bookmark: _Toc161507420][bookmark: _Toc165065811]1.1 Project Description
The project's goal is to develop thermal energy storage systems to reduce peak-load air conditioning expenditures for Salt River Project (SRP) customers in central Arizona. SRP, a community-based, non-profit organization, serves more than 2 million people in the Phoenix metropolitan region. With a peak load of over 8,000 MW in the summer, SRP faces difficulty in satisfying demand, especially during peak hours (3 PM to 8 PM), when electricity rates are highest.
In response to these problems, SRP intends to investigate the viability of thermal energy storage systems, which might potentially lower consumers' electricity rates during peak hours. The project focuses on conducting state-of-the-art research to evaluate available technologies and their costs. Furthermore, it will examine typical SRP customer electricity use patterns during peak months to assess potential cost savings. The study will investigate various SRP consumer rate packages, both with and without customer-sited solar PV generation.

The project's goals include presenting a variety of energy storage systems with technical and economic details. In collaboration with the client, at least one thermal energy storage system will be selected for design, building, and testing. Based on the test results, a full-scale design and a preliminary techno-economic analysis will be suggested. Despite its ambitious goals, the project stays within a $5,000 budget. The team aims to fundraise at least 10% of the budget to ensure the project’s success. The financial resources will be used throughout the project. They will be invested in prototyping and creating the final design.

[bookmark: _Toc161507421][bookmark: _Toc165065812]1.2 Deliverables
The primary project deliverables include.
· A comprehensive study report evaluates thermal energy storage methods and their costs. 
· Analysis of SRP customer electricity usage during peak months, assessing possible cost savings with thermal energy storage options. 
· Proposal describing various energy storage technologies, including technical and economic requirements. 
· Design, build, and test at least one thermal energy storage solution. 
· A full-scale design proposal is based on test results, including an initial techno-economic analysis. 
· Meet the Energy Star criteria for the final design.

These deliverables are critical to achieving the project's objectives and offering significant insights into the feasibility and effectiveness of thermal energy storage in lowering peak load air conditioning expenses for SRP customers. Meeting those objectives would also increase the market recognition of our product and attract other companies and customers.

[bookmark: _Toc161507422][bookmark: _Toc165065813]1.3 Success Metrics 
Our project's success will be measured using several important metrics consistent with client and engineering criteria. First, user-friendliness and functionality will be evaluated based on our thermal energy storage system's ease of use and effectiveness in cooling the house when activated. The system's capacity to survive as long as needed during peak hours will define its reliability, assuring continuous performance and comfort for residents. Safety is vital; thus, we will assess whether the system poses minimum threats such as explosion, fire, or freezing, assuring the safety of all inhabitants.
Technical Performance: The chosen thermal energy storage solution's ability to successfully store and release thermal energy to counter air conditioning power use during peak hours will be assessed. Technical performance criteria include energy storage capacity, efficiency, dependability, and scalability. Engineering requirements will also be critical in determining the success of our project. The materials and systems used in our thermal energy storage solution will be analyzed to determine efficiency to achieve optimal performance and energy savings. Thermal performance will be evaluated using various methods, including transient heat analysis and thermodynamic modeling, to ensure that our system efficiently stores and releases thermal energy as needed to maintain a comfortable interior atmosphere.
Economic viability: The selected thermal energy storage solution's techno-economic analysis will determine its financial feasibility and long-term viability. The upfront costs, payback period, return on investment, and possible revenue streams (for example, demand response programs) will all be examined. Cost will be an important consideration, and we will ensure that our system is cost-effective, considering both pre-built and pre-existing structures. Net Present Value (NPV) and Internal Rate of Return (IRR) assessments will be performed to ensure favorable financial results and long-term viability.

Cost Savings: The degree to which thermal energy storage systems lower electricity bills for SRP customers during peak periods will be a key success metric. Cost savings will be determined by comparing pre- and post-implementation electricity bills, considering various customer rate plans and situations. Affordability will be evaluated by determining whether the system is feasible for the average house buyer, whether for an existing structure or a new construction. In addition, we will analyze whether our solution saves consumers energy and money, meets customer needs, and improves marketability.

Safety will be prioritized, and the team will ensure the system complies with all applicable safety requirements and standards, thereby reducing dangers to occupants and property. The ease of maintenance and access will be assessed to ensure that the system is user-friendly and handy for homeowners.
[bookmark: _Toc161507423][bookmark: _Toc165065814]Chapter 2: Requirements
[bookmark: _Toc161507424][bookmark: _Toc165065815]2.1 Customer Requirements
The customer requirements from our client SRP were mostly related to user ease and affordability. The customer requirements listed below are explained in further detail in the points and measures that we take into consideration during each part of the development of the thermal energy storage device.
· User Friendly
· How easy is it for people to use? 
· How functional is it as well?
· Does it need monthly/yearly/Every 5-year maintenance? Refills, Parts, Repairs, Ease of Access
· How Hot/Cold will it make the house of the customer
· Reliability
· Does it cool down the house when turned on? 
· Does it last as long as needed during the peak hours?
· Safety
· Does it explode, catch fire, or freeze someone’s hand if touched? 
· Are there very minimal safety hazards? 
· Can everyone handle it? Is it safe inside a house? Is it safe for children to be around?
· Affordability
· Is a pre-existing structure or a new build realistic for the average home buyer?
· Does it save energy and money for the consumer?
[bookmark: _Toc161507425][bookmark: _Toc165065816]2.2 Engineering Requirements
The engineering requirements are related to the customer requirements but go more in-depth. The engineering requirements also require an analysis of each aspect that uses calculations and numerical data to support them. If the concept doesn’t have numerical calculations, we also use theory and content from engineering textbooks, research and professionals. One important value we are aware of is battery storage. The device needs to have 4 hours' worth of storage. One example of this would be the Net Present Values calculated for each part. The parts must have a positive value to be beneficial to the device, the larger, the better even. 
· Safety
· Ease of Maintenance
· Ease of Access
· Material Properties
· MSDS
· Codes that come with the material properties
· Cost
· Pre-Build vs Existing
· As of right now we are looking more at Pre-Builds since that is what is more popular on the market in the phoenix area
· Net Present Value (NPV)
· Internal Rate of Return (IRR)
· Material Costs

· Level of Maintenance
· Materials
· Experiments done in Fluid Materials
· Material Properties
· Systems
· Calculations such as those done for the efficiency of a Vapor Compression Refrigeration Cycle
· Power Assistance
· Power Output W=m(h2-h1)
· Weight
· W=mg
· Material1+Material2=Total
· Heat Transfer
· Transient Heat Analysis
· Thermodynamic analysis
· Thermodynamic Models
· Radiation Heat Analysis
· ANSYS Models
All the engineering requirements have engineering calculations. Often alternative systems such as MATLAB, ANSYS, IT, and SOLIDWORKS help accomplish these too. These calculations have been completed in parts through the semester and will continue as the project progresses.
As the design coalesced, it was important to categorize the safety factors for the materials and their uses. For example, refrigerants can cause blindness, brain damage, and death, but they are considered safe to use as product in a product. What makes these substances we use dangerous is when they are being administered, so much of the safety factor is calculated in the manufacturing process and not considered in our engineering requirements.
Ethylene glycol is considered an HTF and a product in a product. If it can be demonstrated in a future experiment to modify the properties of water to produce a more effective thermal mass, the team will have to re-evaluate what is unreasonably poisonous. Ingesting 4 ounces of ethylene glycol may be enough to kill an average-sized man. [50]

One of the materials of interest initially was a paraffin called N-tetradecane (C14), originally the study's most promising material. Due to the flammability and toxicity, it was eliminated as a candidate. N-tetradecane (C14) proved costly and has now been removed from our candidate list. The factor of safety for candidate materials of thermal mass is on a “go-no-go" basis. If they are unreasonably flammable or poisonous, they are instantly rejected.
[bookmark: _Toc161507426][bookmark: _Toc165065817]2.3 House of Quality (QFD)

From the last report many changes have changed from the QFD. Not all the Engineering and Customer Requirements have changed. However, the set up and format of the QFD have changed. We got advice from Carson Pete about how to better lay out the QFD. The new and updated QFD can be seen below.  We no longer have an ease of Maintenance as a customer requirement and have combined that in with the requirement of user friendly.

Table 1
[image: ]
Legend for the House of Quality (QFD)
Table 2
[image: ]
House of Quality (QFD)
[bookmark: _Toc161507427][bookmark: _Toc165065818]Chapter 3: Research within your Design Space
[bookmark: _Toc161507428][bookmark: _Toc165065819]3.1 Benchmarking
Here, the state-of-the-art cold thermal energy storage (CTES) will be identified. The technological categories of the CTES are substance, management, and methods. The benchmark substance for CTES is water, which has the highest specific heat, but expansion at freezing can damage containers. For management, ice or ethylene glycol chilling chambers are proven technologies that get results. A passive method for temperature regulation is to place a phase change material (PCM) into a structure to maintain a temperature at the melting point of the PCM.
Many of the breakthroughs in CTES are a direct result of research and development of substances developed for heat transfer in sub-zero conditions or for long term cold storage. [1] Organic paraffin compounds have shown promise because of their general abundance. Research has produced exotic materials that sacrifice chemical stability to achieve remarkable results. N-tetradecane (C14) is one such material with a melting point of 6 Celsius, and a latent heat of 228 kJ/kg, which is as close to the thermal characteristics of water as available. [2] This is an expensive and less safe option that does not justify the mitigation of the expansion, but it does show the limits of this technology that can still be challenged. Other substances that come from this material science approach lend to the next benchmark of management.

[image: ]
[bookmark: _Toc165065820]Figure 1
Thermal Energy Storage pg.110 [3]
The Baltimore Aircoil Company TSU-M ice chiller is an example of the pinnacle of CTES technology. [4] By chilling water to freezing in containers created to control the expansion of ice and circulating ethylene glycol through it as the heat transfer fluid they create a low maintenance and efficient management system. These are large systems that are made to provide apartment complexes and commercial buildings. This is not the target of the Thermal Mass team but is a functional management system to compare to.
The passive method used to maintain the temperature of a structure is some form of building material that doubles as a CTES. Armstrong World Industries capitalizes on this market using ceiling tiles and wall replacement panels. [5] Using Ultima Templok (PCM) these tiles phase change at 66 to 81 Fahrenheit and maintain a structures internal temperature with latent energy. Other passive methods do not need to be building materials, they can be simple stand-alone devices that require little to no maintenance or assembly. The Viking Cold Solutions cold storage system for commercial refrigeration warehouses. [6] The substance used is not disclosed but whether it is a eutectic or a paraffin the method is the same, a passive phase changing material that maintains a temperature. These are the substances, management schemes, and methods we will be comparing all our concepts and cost models against.

[bookmark: _Toc161507429][bookmark: _Toc165065821] 3.2 Literature Review
[bookmark: _Toc165065822]Courtney – 
1. Paraffin: Thermal Energy Storage Application (book)​ [7]
This article presents pros and cons of storage systems, including sensible storage is best if the operating temperature is higher, latent is best at narrow operating ranges​. This will be useful for research and concept generation for everyone.
2. Economic Analysis of a Novel Thermal Energy Storage System Using Solid Particles for Grid Electricity Storage (Conference Paper)  [8]
This paper includes images of the mechanical systems used for thermal energy storage​. Equations for calculating the economic efficiency of thermal energy storage systems​. This will be useful for financial analysis done by Maciej.  
3. Advances in Thermal Energy Storage System (Book) [9] 
Comprehensive analysis of thermal energy storage systems using water, molten salts, concrete, aquifers, boreholes, and phase-change materials. This will be useful for prototyping/manufacturing done by Steven and Aaron.
4.  Seasonal thermal energy storage with heat pumps and low temperatures in building projects – A comparative review (Article)  [10]
Research article that compares the coefficient of performance (COP) of different heat pumps used for thermal energy storage​. This would be useful for research/data collection done by Janelle.  
5.  Thermal conductivity measurement techniques for characterizing thermal energy storage materials – A review (Article) [11]​
This article develops methods for testing materials and systems for their thermal conductivity. ​ Useful during the prototype testing phase by Maciej and Courtney. 
6.  Thermal Energy Storage (Government Website) [12]​
Provides website links to specific thermal energy storage projects​. This will be useful during concept generation production.
7.  Who Said Thermal Storage Has to be Only in Tanks? Thermal Storage in the Building Envelope (Presentation) [13] 
This source provides useful graphs showing average daily load using solar panels used to heating and cooling. It also provides an overview of methods to storing thermal masses in buildings.
8.   1997 ASHRAE Handbook (Book) [14] 
This source provides information about how to perform a transient heat analysis on a house that can be used to calculate the energy needed to keep the house cool. 
9.   Cooling Load | hand calculation example | HVAC 13 (Video)  [15]
This source provides an example of how to use the 1997 ASHRAE handbook to find the load calculation. It is useful to follow along with and determine which information in the book is most important. 
10.   Ethylene Glycol Heat-Transfer Fluid Properties (Engineering Toolbox)  [16]
This source provides information on one of the materials we are using, ethylene glycol. This toolbox is also used to perform calculations about other materials and provides information such as the specific heat and heat of fusion.  

[bookmark: _Toc165065823]Janelle –
1. Fluid Mechanics: Fundamentals and Applications  (Textbook) [17]
This textbook provides information on how fluid mechanics works. This is important because there are many different fluid mechanic applications that are being used in this project. The portion of the textbook specifically that is useful is the portion about transition of fluids for transient heat. As well as how it provides useful equations on fluid mechanics.

2. Fundamentals of Heat and Mass Transfer (Textbook) [18]
This textbook provides information on heat transfer fundamentals and applications. This textbook gets referred to often. Some specific applications of when this reference is used is for the transient heat calculations, the heat exchanger calculations, and the radiation calculations.
3. Fundamentals of Engineering Thermodynamics (Textbook) [19]
This textbook provides information on thermodynamics and thermodynamic systems. This is useful in calculating heat exchangers and analyzing an actual AC compression vapor system. This textbook is also useful for the material properties tables in the back of the textbook. This textbook is also useful for learning to use Interactive Thermodynamics Software (ITS). As well as of course it provides useful equations on Thermodynamics.
4. Storing energy : with special reference to renewable energy sources (Book) [20]
This is a textbook that Carson referred to us for assistance on this project. It has been useful for information on phase change materials and for phase change material equations. It is also useful for information on latent and ambient temperature. It also is useful for heat storage in general.
5. Energy Storage (Book) [21]
This textbook talks about the specifics of heat storage. It talks about and explains the importance of heat storage and heat exchange devices. It explains the different ways to analyze heat storage and heat exchange devices. It has useful graphs and figures as well. It is a great reference for storage and similar systems as well.
6. Air Conditioning with Thermal Energy Storage (Journal Article) [22]
This engineering document was surprising and very useful. It talks about and refers to aspects almost exactly related to what this project is about. It also addresses materials, PCMs, construction materials, ASHRAE figures, and similar prototypes. This was a useful paper. 
7. Hybrid HVAC with Thermal Energy Storage Research and Demonstration (Website) [23]
This was a useful research project that another college team set out to complete for the Department of Energy. In this project, another college team set out to create a Thermal Energy Storage Device to support the grid. One thing they did was compare chemical analysis with thermal analysis. They also had a comparable functionality report, which was useful for comparing results and doing a sanity check. The Black Box model is useful and comparable, too.
8. Storing Thermal Heat in Materials (Website) [24]
This website has many useful equations and data tables to use for reference. It has a table with the important thermal heat storage values for different materials we plan to test. It also has links to other information that will be useful and information to reference.
9.  Energy & Buildings: Experimental and numerical investigation of the thermal performance of phase-change module using built-in electrical heating (Journal Article) [25]
This research talks about the usefulness of latent heat in thermal energy storage. It also breaks down information on complex materials, specifically different complex phase change materials. Also, the tables 1-3 in the paper and figures 4&5 were useful. This paper also talks about PCMs and electric energy storage.
10. Energy & Buildings: Component-level analysis of heating and cooling loads in the U.S. residential building stock (Journal Article) [26]
This article talks about how residential homes use most of the energy in the US, and heating and cooling systems use most of the energy that they use. This article then talks about how to reduce the demand on the load. It also goes through specific materials in a home and how heat transfers through them.
[bookmark: _Toc165065824]Steven-
1. Patent-based trend analysis for advanced thermal energy storage technologies and their applications (Journal Article) [27]
A subtle breakdown of the development of TES technologies into categories and the emerging technologies they represent. Categorizing and developing a method to find patents worldwide and discussing who maintains and records them in one article. It also uses a speed of growth model to identify which emerging technologies show the most promise. Using the resources of this article leads to the next article: Emerging topics in energy storage…
2. Emerging topics in energy storage based on a large-scale analysis of academic articles and patents (Journal Article)  [28]
This is an extremely comprehensive article about energy storage patents. It uses the Louvain algorithm for large networks to cluster the data for patents and academic articles. Section 3.2.1 concludes the data that points out the technologies lean toward their use in manufacturing. This article points to phase change material-based cold thermal energy storage in Chapter 4. Also found in this article are Phase change materials for thermal energy storage.
3. Phase change material based cold thermal energy storage: Materials, techniques, and applications – A review (Journal Article) [29] 
A comprehensive review of cold thermal energy storage materials and their application. A review and empirical data for a large variety of cold storage materials. Much of the study is on the failure modes of the materials. Other studies and patents are linked here as well.
4. Hydrates for cold energy storage and transport: A review (Journal Article) [30]
Cold energy storage in a water based PCM that uses a hydrate slurry. The article covers experiments on developing PCMs, how others conduct these experiments, and what to avoid. It proposes multiple cold energy storage devices and references other papers from the previous articles.
5. Heat and cold storage containers, systems, and processes (Patent) [31]
Proposes CTES devices that are buried underground in flexible tubes. A flexible tube allows the PCM to occupy more space around a home without using a large, hard-to-create hole that would require special permits. This is an undeveloped patent but references the creation of polymers that function in the same way. This is proposed as a supplement to geothermal as well.
6. Eutectic salt cold-storage material (Patent) [32]
Explains applying an organic-inorganic cold storage device using a newly constructed eutectic salt. This method is a novel way to overcome the issue of water expansion that causes cracking and leakage and uses a higher working temperature. The inefficiency caused by condensate depression of other eutectics is discussed.
7. Armstrong World Industries BUILDING PANEL SYSTEM Patent Application (Patent Application) [33]
A method of installing a PCM in existing structures with minimal intrusion into the existing building. The unintrusive method is important here regarding failure caused by installation mitigation. This passive system requires a large amount of whatever PCMs are used.
8. Novel strategies and supporting materials applied to shape-stabilize organic phase change materials for thermal energy storage – A review (Journal Article) [34]
A short discussion of previous methods stabilizes organic phase change materials. The authors categorize and use experimental data to justify the current industrial uses of these materials. Of particular interest is using microencapsulation and nanomaterials to stabilize the PCMs and prevent leakages.
9. Phase change materials for thermal energy storage [35]

Another large study of PCMs specifically focused on stabilizing and creating safe ways to use them. Many of the organic PCMs are dangerous to ingest or corrosive to containers. The discussion of how PCMs fail is enlightening as well.
10.  Effect of Ethylene glycol as Phase Change Material in a Cold Storage Unit on retention of cooling (government-supported study) [36]
A government agency in India performed and funded a cold storage containment unit study, which shows how to replicate the experiment. Empirical data for using ethylene glycol as a PCM instead of using it solely as a heat transport fluid is presented. This inspires more experimentation but does not deliver a comprehensive list of data from the experiment.
[bookmark: _Toc165065825]Maciej-
1. Air Source Heat Pumps Tax Credit | ENERGY STAR (government website) [37]
Lays out the requirements for a company to apply for ENERGY STAR. How to create a device that is ENERGY STAR compliant..
2. 2018 International Fire Code (IFC) (government website) [38]
The requirements for wiring and spacing. Also discusses the safety requirements for some products like air conditioners.
3. 2018 International Building Code (IBC) (government website) [39]
Identifies the rules about the sizes and shapes of objects on residential properties.
4. 2018 International Mechanical Code (IMC) (government website) [40]
All the rules for ducting and air handling for a structure. Hints at digging holes and how and why regulations apply to burning things.
5. 2018 International Plumbing Code (IPC) | ICC Digital Codes (government website) [41]
The rules and regulations for geothermal devices. Hints back to the IMC and digging holes and points to the swimming pool and Spa Code.
6. 2018 International Swimming Pool and Spa Code (ISPSC) (government website) [42]
The rules about digging shallow holes. Give the ways to classify the use of a hole.
7. The Consumer Product Safety Improvement Act (CPSIA) (government website) [43]
A list by category of every type of product. Every category has rules about how to create and injury-proof a device safely. Led to the discussion about what this device does in an earthquake or tornado.
8. Engineering Economy (book) [51]
Through solved examples, problems, and case studies, the book addresses contemporary engineering challenges in areas such as energy, ethics, the environment, and evolving economics, providing practical insights and solutions for real-world scenarios. The book retains its extensive coverage of engineering economy principles even with the addition of new features and themes like ethics and staged decision making, guaranteeing that readers will gain a comprehensive understanding of the subject.
9. Engineering Economics: Problems and solutions (book) [52]
Examples of problems and solutions for different engineering problems and applications.
10. Essentials of Engineering Economics (book) [53]
Explores economic analysis methods such as cash flow analysis, cost estimation, and decision making under uncertainty. Provides practical examples, case studies, and problems to illustrate the application of economic concepts in real-world engineering scenarios.
[bookmark: _Toc165065826]Aaron –
1. Armstrong World Industries | Armstrong Ceiling Solutions (website)[5]
A building material that uses a salt hydrate PCM in ceiling tiles to regulate temperature passively. Data is provided from testing and of application of these tiles used in New Hampshire High School. Their products can be purchased on a website.
2. Phase Change Materials | PCMs | Ceiling Systems (website) [44]
Ceiling tiles using the passive method and a different PCM that is not listed. They advertise a PCM that is a cable to distribute in a building. They also offer wall panels with the same PCM to increase room thermal mass. The PCM is said to be inside the panel as a microencapsulated metal fiber composite that the panels are made of.
3. Hybrid HVAC with Thermal Energy Storage Research and Demonstration (government website) [23] 
Government research into a working model of CTES for a small commercial or residential structure. Simulations demonstrate expected results since testing was not yet conducted when published. Models are shown to demonstrate the system, including investment and material costs.
4. PCM Products (website) [45]
Products with PCMs into the range of refrigeration or freezer usage. A very wide range of items for heating and cooling applications are described and offered. There is deep research for many PCM and their intended uses. Energy saving designs are listed systems are shown and explained.
5. Cold Storage - Viking Cold Solutions™ (website) [6]
A PCM built simply for refrigerators and freezers is used in warehouses. The simple design lowers cost and maintenance due to higher efficiency and temperature stability. Eutectic PCM is packed into many small Cells that are used to increase the thermal mass of warehouse-size freezers.
6. Paratherm- Low Temperature Heat Transfer Fluids (website) [46]
Specialized heat transfer fluids are purchasable on the website. These incredibly low-temperature fluids could be used as working fluids in a heat exchanger. Specialized fluid would allow efficient and safe heat transfer through a system to freeze an Eutectic PCM. 
7. SRP Time-of-Use (TOU) Price Plan | SRP (website) [47]
 The chart of on-peak and off-peak hours for SRP members started to discover the number of cooling hours. This led to the discovery of the cooling value and the baselines of the project. Pricing of kWh is used for energy cost calculations.
8. Green Building Advisor - Storing Heat in Walls with Phase-Change Materials (website) [48]
Drywall made from the PCM ‘Micronal’ and Gypsum Crystals for mold resistance is held together by fiberglass. The product is not on the market, but there is information on the exact PCM, a paraffin-based material. Website leads to the use of PCM in building materials in homes.
9. Portland Cement Association – Thermal Mass (website) [49]
Covers the use of concrete as a thermal mass/ energy storage in homes. Provides info on peak loads and peak shifting using concrete. This led to the interest in using concrete since it is already used in home buildings.
10. Microtek Laboratoires – MICRONAL® DS 5039 X (Document) [48]
The Material data sheet covers the Micronal PCM properties used in the ThermalCore drywall panels. The material is paraffin-based and made to melt at 23 °C, allowing the material to sit around that temperature. Gives details of processing and incorporating the material into other composites and applications. Using a PCM with a melting point at the desired temp will help regulate the temperature of the rooms.

[bookmark: _Toc161507430][bookmark: _Toc165065827]3.3 Mathematical Modeling 
[bookmark: _Toc165065828]Janelle- Heat Exchanger
This device is going to require a lot of different systems and subsystems. To help support our design we are going to need a variety of mathematical calculations and models to support the design. A few of these calculations that we are using are the equations that are used for heat exchanger design and performance calculations, specifically in Table 11.3 and 11.4. [17] We will use NTU values of parallel flow (equation 11.28b) and all exchangers (equation 11.35b). [17] This will help us create the heat exchanger and compare them with the thermal models that are created. There are 2 examples that we can use and reference for this analysis. We can use example 11.6 and 11.7 to create this device. These tables can be found in the appendix under figure 1 and figure 2. These calculations are used for the heat exchanger and aspects can be applied to TES systems as well.
Another set of calculations that we are using for this device are an analysis of transient heat through the system. The main equations and aspects that we are using can be found in the appendix below. The first equation we are using is equation 5.9 that allows us to derive the Biot number to determine which transient model we can use which then tells us which other equations we use from there. [15] We have our initial assumptions of how we think the flow and heat is going to transfer in the system. Using figure 5.4 from the Heat Transfer textbook, we are able to better visualize and analyze which transient temperature distribution we are dealing with this system. [15] These equations for the Biot number, Transient Heat equation, and the figure can all be found in the appendix.
We will also test the transient heat using different materials such as water, ethylene glycol, a 50/50 mix, as well as eutectic salt. The we will also run these same equations with different materials of the pipping system such as aluminum, copper, and concrete. Each of these will be run with the different materials of the liquid and the structure.
One set of analysis with water and concrete would go something like this. The water starts in the Discharge line is to be at the hottest temperature in the cycle. Then it goes into the condenser then the liquid line. The condenser will decrease the temperature of the liquid then it will go through the metering device. The water will change from about room temperature to freezing as it enters the expansion line and goes through a phase change material device that is attached straight to the AC unit. From the expansion line it will enter the evaporator before connecting back into the compressor and starting the cycle again. The analysis from the first state allows us to find the second temperature. We know that we want to achieve a temperature difference of 20 degrees to reach maximum cooling applications for the system. [19] Using that information we then use system of equations to find the unknown temp 2 and then we use that information to go to the next portion, and so on and so forth. This calculation is going to be fully performed in the summer.

[bookmark: _Toc165065829]Courtney- Transient Heat Model
Calculating the amount of heat that enters the house during the time that the thermal mass is discharging is necessary to determine the amount of energy that should be removed from the mass. These calculations are made using the 1997 ASHRAE handbook method with all of the formulas and values taken from there, then Excel is used to apply to method to our project. [14]
To find the amount of heat entering the house, the heat entering from windows, walls, and roofs is added together for each hour that the mass is discharging. This is calculated by multiplying the subsequent area by the heat transfer coefficient and a variable CLTD which is determined through the ASHRAE handbook based on location and material. 
	(1)
	(2)
	(3)
	(4)
To find the CLTD corrected value, the CLTD is found in the tables of the ASHRAE handbook using the correct latitude and longitude of phoenix and the material of the building. Those values are then plugged into the following formula. In this report, the average roof and wall CLTD values are shown, however our calculations also include the roofs and walls with the highest and lowest CLTD values. 
	(5)
TR = Indoor Room Temp	(6)
TM = Max Outdoor Temp (Dry bulb) – Daily Range/2	(7)
Table 3
	Initial Data

	Latitude
	33.43
	 

	Longitude
	112
	F

	Outdoor Dry Bulb
	110
	F

	Outdoor Wet Bulb
	80
	F

	Daily Range
	23
	F

	Area of Wall - North Facing
	395
	ft^2

	Area of Wall - South Facing
	395
	ft^2

	Area of Wall - East Facing
	395
	ft^2

	Area of Wall - West Facing
	395
	ft^2

	Area of Roof
	1700
	ft^2

	Area of Windows
	100
	ft^2

	U Walls
	0.2
	Btu/h*ft^2*F

	U Roof
	0.055
	Btu/h*ft^2*F

	U Windows
	0.55
	Btu/h*ft^2*F

	
	
	



Table 4
	Roof - Assume Roof 5

	Hour
	CLTD
	CLTD corrected
	Q (Btu/hr)

	20
	59
	72.5
	6778.75

	21
	51
	64.5
	6030.75

	22
	42
	55.5
	5189.25

	23
	34
	47.5
	4441.25

	24
	27
	40.5
	3786.75

	1
	21
	34.5
	3225.75

	2
	16
	29.5
	2758.25

	3
	12
	25.5
	2384.25

	4
	8
	21.5
	2010.25

	5
	5
	18.5
	1729.75

	6
	3
	16.5
	1542.75

	Total
	 
	 
	39877.75



Table 5
	North Wall - Assume Wall 5

	Hour
	CLTD
	CLTD corrected
	Q (Btu/hr)

	20
	24
	37.5
	2962.5

	21
	23
	36.5
	2883.5

	22
	21
	34.5
	2725.5

	23
	18
	31.5
	2488.5

	24
	15
	28.5
	2251.5

	1
	13
	26.5
	2093.5

	2
	10
	23.5
	1856.5

	3
	8
	21.5
	1698.5

	4
	6
	19.5
	1540.5

	5
	5
	18.5
	1461.5

	6
	3
	16.5
	1303.5

	Total
	 
	 
	23265.5



Table 6
	East Wall - Assume Wall 5

	Hour
	CLTD
	CLTD corrected
	Q (Btu/hr)

	20
	29
	42.5
	3357.5

	21
	26
	39.5
	3120.5

	22
	23
	36.5
	2883.5

	23
	20
	33.5
	2646.5

	24
	17
	30.5
	2409.5

	1
	14
	27.5
	2172.5

	2
	11
	24.5
	1935.5

	3
	9
	22.5
	1777.5

	4
	7
	20.5
	1619.5

	5
	5
	18.5
	1461.5

	6
	4
	17.5
	1382.5

	Total
	 
	 
	24766.5




Table 7
	South Wall - Assume Wall 5

	Hour
	CLTD
	CLTD corrected
	Q (Btu/hr)

	20
	32
	45.5
	3594.5

	21
	28
	41.5
	3278.5

	22
	24
	37.5
	2962.5

	23
	21
	34.5
	2725.5

	24
	18
	31.5
	2488.5

	1
	15
	28.5
	2251.5

	2
	12
	25.5
	2014.5

	3
	9
	22.5
	1777.5

	4
	7
	20.5
	1619.5

	5
	5
	18.5
	1461.5

	6
	4
	17.5
	1382.5

	Total
	 
	 
	25556.5





Table 8
	West Wall - Assume Wall 5

	Hour
	CLTD
	CLTD corrected
	Q (Btu/hr)

	20
	54
	67.5
	5332.5

	21
	50
	63.5
	5016.5

	22
	44
	57.5
	4542.5

	23
	37
	50.5
	3989.5

	24
	30
	43.5
	3436.5

	1
	25
	38.5
	3041.5

	2
	20
	33.5
	2646.5

	3
	16
	29.5
	2330.5

	4
	13
	26.5
	2093.5

	5
	10
	23.5
	1856.5

	6
	7
	20.5
	1619.5

	Total
	 
	 
	35905.5




Table 9
	Windows (Conduction Load)

	Hour
	CLTD
	CLTD corrected
	Q (Btu/hr)

	20
	8
	21.5
	1182.5

	21
	6
	19.5
	1072.5

	22
	4
	17.5
	962.5

	23
	3
	16.5
	907.5

	24
	2
	15.5
	852.5

	1
	1
	14.5
	797.5

	2
	0
	13.5
	742.5

	3
	-1
	12.5
	687.5

	4
	-2
	11.5
	632.5

	5
	-2
	11.5
	632.5

	6
	-2
	11.5
	632.5

	Total
	 
	 
	9102.5





Table 10
	Calculated Q Values (Btu)
	Calculated Q Values (kJ)
	Calculated Q Values (kWh)

	Roof
	39877.75
	Roof
	42071.026
	Roof
	11.68606896

	Windows
	9102.5
	Windows
	9603.1375
	Windows
	2.667463503

	Walls
	109494
	Walls
	115516.17
	Walls
	32.08692654

	Total
	158474.25
	Total
	167190.33
	Total
	46.44045901



[bookmark: _Toc165065830]Courtney- Heat Equation and Phase Change Diagram Applications
An important project component is understanding phase change diagrams and the difference between latent and sensible heat. A phase change diagram is shown below, demonstrating the difference between latent and sensible heat. 
[image: ]
Figure 2
Phase Change Diagram [50]
An important aspect of the project is determining which material takes up the least space. To calculate this fact, a series of calculations are made in MATLAB using the equations for latent and sensible heat to determine the heat energy density of the materials and compare that to the energy requirements. The formulas for latent and sensible heat are given below. 
		(8)
		(9)
	(10)
Where
m = mass
c = heat of fusion
C = specific heat
T = temperature
V = volume
D = density

The volume of material needed is calculated by rearranging the above equations and including the additional variables of energy needed to cool the house through the night calculated in the transient heat analysis done previously in Excel. This is inputted in MATLAB in the code that can be found in the appendix, and the following graphs are created for water and concrete. 
Table 11
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Figure 3
[image: ]
Table 12

[image: ]
Figure 4

Table 13
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Figure 5
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Figure 6
[bookmark: _Toc165065831]Steven- Morphological calculations
Now that the energy calculations can produce a value that pertains to the volume of the product, some morphology can be derived. Using Solidworks to model a general geometry prototype is created, which can be used to gain preliminary measurements. SolidWorks will conveniently provide all the values required for the morphology of a prototype in any units required. Because the Pex-A pipe is in imperial units, the volume of the material is converted 0.1621 is 5.724 . According to the Solidworks model, per foot of 1-inch Pex-A with a .25-inch copper pipe inserted inside is 0.00371185  means that our prototype will require 1542.1 feet of the prototype.
Using this method as a template and executing the rest of the materials, the calculations can inform the team how they apply to the customer and engineering requirements. It is already understood that this would be 161.7 kg of water or 356.5 pounds. Paraffin in the prototype means 2852 feet of Pex-A (10.6  and 661.4 pounds). Concrete is 33.956  and 5088 pounds in our prototype would be 4232.8 ft. Interestingly, in concrete, the temperature of the prototype can be decreased to values of -40 degrees Celsius or if the prototype required is cut in half. Given that concrete would not require a container like water, it can give a distinct advantage in the cost of the device.
[bookmark: _Toc165065832]Courtney- Arduino Temperature Sensors
During the project's testing phase, we may need to use an Arduino and temperature sensors to determine how well our design stores thermal energy. Depending on the type of sensor we use, we will need to convert the input voltage or current into temperature. 
To prepare for this, the online simulation tool TinkerCad was used to model an Arduino and temperature sensor. This tool only has a TMP temperature sensor, so the modeling is based on that. To convert a TMP sensor voltage to temperature, the following equation is used: [51]
	(11)
In Tinkercad, the code (found in the appendix under Figure 9)  and the equation above was used to calculate the temperature using the Arduino. The values were then sent to the serial monitor. 

[bookmark: _Toc165065833]Maciej- Net Present Value (NPV)
Net Present Value (NPV) is a crucial financial metric used to evaluate the profitability and cost-efficiency of investment projects over time. When it comes to renewable energy technologies, such as home thermal energy storage systems, net present value (NPV) analysis offers important information on how feasible these projects are. To calculate net present value (NPV), all project-related future cash flows are discounted using a predefined discount rate to their present value. When referring to a single-household thermal energy storage system, this includes:
· Initial investment: The initial outlay needed to buy and install the thermal energy storage system.

· Cash Flow: The total net cash inflows and outflows that result from the system's lifetime operation. This includes any applicable charges as well as money from energy savings and maintenance.
· Annual Discount Rate: This rate, which takes into account both the investment risk and the time value of money, is used to discount future cash flows to their present value. Usually, this rate takes into account variables like opportunity cost, inflation, and project-specific risk.
The NPV formula is expressed as:
	(12)
Where:
r = annual discount rate
t = number of periods
With other financial data and qualitative considerations, decision-makers should evaluate the net present value (NPV) of a thermal energy storage system for a single-family household. A positive net present value (NPV) suggests that the investment may be profitable and could support moving forward. It is imperative, nonetheless, to assess net present value (NPV) in tandem with sensitivity analysis, taking into account fluctuations in critical factors, including discount rate, energy costs, and system longevity.
The team considered different designs with an initial investment of $2,000 to $5,000. The factor that impacts the initial investment most is whether the thermal energy storage will be integrated into a refrigerator cycle. The cost of a refrigerator unit is about $3,000. The annual discount rate for SRP is considered to be 4%, while the lifetime of our design is considered to be 10 years. The Cash flow is calculated based on the electricity prices in the Phoenix area, which is expected to increase by 2.3% over time. Therefore, the savings are expected to increase in the following years. The electricity prices as of 2024 are $0.227 kWh in May/June/September/October and $0.2585 in July/August. Therefore, storing energy inside the thermal energy storage would save SRP customers $374.36 in 2024 (appendix figure 12). 
The Net Present Value was calculated considering the Present Value as well as the Future Value of our design. For initial investment design we considered five different options (appendix figures 13 – 17). The main focus is on the initial investment for the Thermal Energy Storage with water and glycol that considers a water pump replacement after five years of the product life time. Using this initial investment design, annual discount rate of 4% and a life time of a product of ten years the Net Present Value was calculated in two different ways.
First option includes calculations with the Present Value and results in NPV of $1,029.72 as shown below:


Table 14
[image: ]
Table 15
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Second option includes calculations with the Future Value and results in NPV of $1,416.34 as shown below:
Table 16
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Table 17
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[bookmark: _Toc165065834]Janelle- Analyzing an Ideal Vapor-Compression Refrigeration Cycle
Having an analysis of the Vapor-Compression cycle of this system is crucial. This is essentially what we are doing with our device. To accomplish this I read chapter 10 of Fundamentals of Engineering Thermodynamics (Textbook) [19] to learn about vapor compression refrigeration cycles. From there I went through different examples of compression cycles until I was able to create one for our cycle. I did this in conjunction of finding the mass flow rate. I used excel to calculate some values from tables, and after that I completed the rest of the calculations by hand. The hand calculations can be seen in the figures below. Eventually these calculations will make their way to being solved in both ITS and in MATLAB. That way when we need to change one aspect of the device then the rest of the values update automatically. The link below the excel table will take you directly to the excel sheet with the different tables and some calculations. The heat transfer rate (Q_dot) for the system is Q_dot= 1.310664.
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Figure 7
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Figure 8
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Figure 9
Table 18
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https://nau0.sharepoint.com/:x:/s/ME476C557/EfUaTfmDAN9AgMK4aTmGzYQB_AhynzV05zQDFvIUvebH5w?e=fxvj4P

[bookmark: _Toc161507431][bookmark: _Toc165065835]Chapter 4: Design Concepts
[bookmark: _Toc161507432][bookmark: _Toc165065836]4.1 Functional Decomposition
The following models demonstrate the function of the system. The color codes correlate the varying graphs to demonstrate which functions happen in their corresponding component. 
[image: ]
Figure 10
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Figure 11
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Figure 12
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Figure 13
[bookmark: _Toc161507433][bookmark: _Toc165065837]4.2 Concept Generation
After taking in the research and other designs we developed a method for categorizing and quantifying the ideas we generated. This is a conglomeration of design criteria, customer requirements, and engineering models. The first rounds of concepts are raw with no values that coincide with the engineering models. As more input from the client were added values for volume, energy capacity, and latent heat.
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Figure 21



Maciej
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Figure 22
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Figure 23
Courtney



[bookmark: _Toc165065838]Initial Brainstorming Ideas
The design process began with brainstorming ideas and creating ideas for systems. Each member of the team sketched out some ideas with not many requirements and not too many. These sketches can be seen in the table above. 
The first two designs were created by Aaron and the first one to the left is a PCM panel that has a microencapsulated phase change material that is inside of a composite type of panel such as a fiber panel that is perforated to allow for high airflow through the panel to ease in the phase change process. To the right of that design is a ‘Radiant Cooling’ design that works by having copper piping run through the walls with a mixture of Ethylene Glycol pumped through that is chilled and with the walls being cooled so much that the room encased will be cooled radiantly.
The next two designs to the right were created by Courtney and the first she made consists of filled with water that flows through a phase change material that could possibly sit inside of a wall and the piping also leads to a high air flow area such as an air vent. The next consists of a panel much like the PCM Panel mentioned above but the main improvement here is that there is more of the PCM and more surface area for there to be more heat conductivity. The idea with this design is to place the panel right at the exit of the AC vents to force more air flow and phase change the material and therefore be able to quickly use the energy stored inside.
Janelle's ideas began with ‘Puffy Cement’ which in theory is a block of cement which will be the material used to dump heat out of and then with insulation the block will be held at a low temperature. The insulation is where the name puffy comes from, assuming pink fiberglass insulation is used. Also, there is the idea of using solar energy to heat water and storing that energy to be used in an HVAC unit.
Maciej’s ideas consist of a block of phase change material that can be incorporated into a preexisting HVAC system. The idea is to redirect the airflow into another air vent that led to the PCM when it needs to be cooled and melted to be used at that temperature. The other design is very similar to Courtneys updated design where the PCM has copper tubes running though to aid in conducting heat. The copper will allow for the temperature of the PCM to be controlled depending on the fluid that flows through.
These initial concepts were also used to develop all the sub functions of the later devices that are combined to make the final design. This process also informed the need for data about substances that still need values that will be found through experiment. This process allows us to move into the selection criteria.
[bookmark: _Toc161507434][bookmark: _Toc165065839]4.3 Selection Criteria
[bookmark: _Toc165065840]4.3.1 Applying the Requirements.
Using the ideas the team generated and the newly created sub functions the concepts are refined into 6. The requirements and models are applied to find what the 6 will look like and cost. Here every subfunction’s value needs to be justified. Such that expensive paraffin’s will need a morphological aspect to justify the cost. N-Tetradecane with an estimated cost of $380 per kilogram and using geometry and listed values of latent heat a value for the device is developed.[52]  The team had to discuss what would cause paraffin to no longer be allowable. In that case the paraffin latent heat will need to have some way to mitigate its lag water. If the concept cannot overcome the cost, it will be removed and the mitigation techniques for the damage caused by water expansion will become the winning concept. Along with these criteria restrictions we needed to include government regulations.
[bookmark: _Toc165065841]4.3.2 Government Regulations
Our team is thoroughly examining various building codes, such as the International Existing Building Code (IEBC), International Energy Conservation Code (IECC), and International Fire Code (IFC), to ensure the safety and compliance of integrating thermal energy storage systems into air conditioning units in Phoenix homes. [39], [53], [38] Understanding these standards is critical because they provide broad concepts and regulations for retrofitting, energy efficiency, and fire safety in buildings. By examining these codes, we want to acquire useful insights into building and implementing thermal energy storage solutions that optimize energy usage, improve environmental sustainability, and limit possible hazards such as flammability issues connected with phase change materials (PCMs). The team’s goal is to build integrated systems that not only fulfill high safety and performance standards, but also help Phoenix households save energy and money on utilities while maintaining their comfort and safety. Another team’s goal is to meet criteria for the energy star program that would enhance financing and marketing of our product and attract other companies and clients to partner up with our team. [37]

The International Existing Building Code (IEBC) establishes comprehensive principles and requirements for retrofitting and renovating existing buildings, assuring their safety, sustainability, and energy efficiency. [39] By studying this code, we can gain significant insights into creating a thermal energy storage system that integrates with wall-mounted air conditioning units. Incorporating thermal energy storage into these systems is consistent with IEBC's emphasis on energy conservation and sustainability. Using materials with high thermal mass, such as phase change materials (PCMs), in building walls can efficiently absorb and release heat, minimizing reliance on traditional HVAC systems during peak demand periods. Compliance with IEBC standards guarantees that these integrated systems meet safety and performance requirements, which improves overall building efficiency and environmental sustainability. Furthermore, using the IEBC rules can help with the smooth integration of thermal energy storage solutions into existing building structures, maximizing space use and improving overall building performance.

The International Energy Conservation Code (IECC) establishes critical criteria and principles for improving building energy efficiency, providing useful insights for constructing a thermal energy storage system integrated into the air conditioning unit of a single-family home in Phoenix. Given Phoenix's hot environment, thermal energy storage can help optimize energy consumption during peak demand hours. By introducing phase change materials (PCMs) or other thermal storage mediums into the air conditioning system, excess thermal energy generated during off-peak hours can be stored and released during peak periods, reducing grid load, and increasing overall energy efficiency. Compliance with IECC assures that the integrated system meets high energy efficiency regulations, resulting in reduced energy usage and lower utility costs for Phoenix homeowners while preserving comfort levels within the home. [53] Additionally, following IECC rules allows for seamless integration with current building regulations and standards, ensuring compliance and safety in the design and implementation of thermal energy storage solutions.

The International Fire Code (IFC) establishes crucial norms and standards for building fire safety and essential recommendations for constructing thermal energy storage systems that use phase change materials (PCMs) that may represent flammability risks. [38] When incorporating such materials into a single-family home in Phoenix, where fire safety is crucial, following IFC requirements is critical. Installing fire-resistant enclosures and containment measures around the PCM storage units can reduce potential fire risks. Furthermore, adding automatic fire suppression systems and using non-flammable PCM substitutes whenever available is consistent with the IFC's objective on reducing fire threats. By adhering to IFC requirements, engineers may ensure the safe integration of thermal energy storage systems using PCMs within residential constructions in Phoenix, increasing both energy efficiency and fire safety for homeowners.

The United States Environmental Protection Agency (EPA) established the Energy Star program to promote energy efficiency and sustainability in consumer products, buildings, and enterprises. Products and technologies that earn the Energy Star label meet the EPA's high energy efficiency criteria, showing that they use less energy than standard versions while providing the same or improved performance. [37] Our proposal, which involves the integration of thermal energy storage into air conditioning systems, is in line with Energy Star's objectives. Thermal energy storage allows us to optimize the energy consumption of air conditioning devices, lowering overall power consumption during peak demand periods. This meets Energy Star's requirements for energy-efficient products and technologies.

Meeting Energy Star criteria with our thermal energy storage technology can provide various advantages for our project. First, it improves marketability by highlighting our system's energy efficiency and environmental friendliness, thus attracting additional consumers and clients. Second, it can lead to cash incentives and rebates from Energy Star and other energy efficiency programs, lowering the initial expenses of implementing our solution. Furthermore, satisfying Energy Star standards may lead to new financial opportunities or collaborations with groups dedicated to sustainability and energy efficiency.
[bookmark: _Toc165065842]4.4 Concept Selection
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[bookmark: _Toc165065843]Final Design Ranking

The top criteria that our design was ranked on in the decision matrix were: Listed lowest importance to highest. (8= highest,1=lowest)
1. Power Saving/Grid Assistance
a. Saves Power because it doesn't use prime time power.
b. How well does it ease the load off of the grid during peak time, use power during low?
2. Internal Rate of Return (IRR)
a. The expected compound annual rate of return that will be earned on a project or investment.
3. Comfort Level
a. How Hot/Cold will it make the house of the customer?
4. Ease of Maintenance
a. Does it need monthly/yearly/Every 5-year maintenance. Refills, Parts, Repairs, Ease of Access?
5. Pre-Existing
a. Is it realistic for the average home buyer, Pre-Build?
6. Efficiency
a. How efficient is it?
7. Net Present Value (NPV)
a. The difference between the present value of cash inflows and the present value of cash outflows over a period.
8. Safety
a. Does it explode, catch fire, freeze unexpectedly? How heavy is it? Will it fall on someone and kill them?
Since the last report there have been many designs that have been eliminated for various reasons. The underground systems would have been extremely difficult to maintain. The designs that integrated the thermal mass into the air conditioning system received positive reviews from our client, ranking them higher on the decision matrix.
After lots of deliberation, calculations, and realization of time and what is possible with the timeline and costs, we finally came to a decision of 2 high quality designs. As well as completing the calculations and deliberating as a team, we also re-ranked our designs on each of the fields, we had two final designs: Placing panels directly on AC ducts and integrating them into the air conditioning cycle. We selected these two designs because as we move into the testing and prototyping phase, we need to determine through testing if the mass stores cool energy better through the expansion line or in the evaporator. This is very important step in this process. At this point, the main and last step is to test materials within the different prototypes we have created, both physical and digital models.
 A thermodynamic model of the general design is shown below, with the two designs integrated into their respective locations. We will test these designs using temperature sensors to determine the best. The final design can be found in the appendix under Figure 11.

[bookmark: _Toc165065844]Chapter 5: Schedule and Budget
[bookmark: _Toc165065845]5.1 Schedule
Spring Semester Schedule
	TASK
	ASSIGNED TO
	PROGRESS
	START
	END

	
	
	
	
	
	

	Presentation 1
	
	
	
	2/5/24
	

	Schedule
	Courtney
	100%
	4/22/24
	2/1/24
	

	Meet with Client 
	Everyone/Janelle
	100%
	2/2/24
	2/2/24
	

	Find 3 Existing Designs
	Aaron 
	100%
	1/31/24
	2/3/24
	

	Literature Review
	Everyone  
	100%
	1/31/24
	2/3/24
	

	Mathematical Modeling
	Steven
	100%
	1/31/24
	2/3/24
	

	Budget
	Maciej
	100%
	1/31/24
	2/3/24
	

	QFD
	Janelle
	100%
	2/3/24
	2/3/24
	

	PowerPoint Presentation
	everyone
	100%
	2/4/24
	2/5/24
	

	Presentation 2
	
	
	
	2/26/24
	

	Update Gantt Chart 
	Courtney 
	100%
	2/6/24
	2/10/24
	

	Concept Generation
	Split evenly 
	100%
	2/6/24
	2/17/24
	

	Pugh Chart
	Steven, Aaron 
	100%
	2/12/24
	2/19/24
	

	Decision Matrix
	Janelle
	100%
	2/18/24
	2/21/24
	

	Bill of Materials 
	Maciej
	100%
	2/22/24
	2/25/24
	

	Engineering Calculations
	Steven 
	100%
	2/6/24
	2/25/24
	

	Function Flow Handout
	Courtney
	100%
	2/6/24
	2/25/24
	

	Hypothesized Functional Models
	Janelle
	100%
	2/6/24
	2/25/24
	

	Look for Fundraising 
	Maciej
	100%
	2/6/24
	2/25/24
	

	PowerPoint Presentation
	Everyone  
	100%
	2/26/24
	2/26/24
	

	Website Check 1
	
	
	
	3/15/24
	

	Team Pictures
	Janelle 
	100%
	3/5/24
	3/9/24
	

	Project Description
	Aaron 
	100%
	2/19/24
	3/9/24
	

	Team about us 
	Maciej 
	100%
	2/19/24
	3/9/24
	

	Documents
	Steven
	100%
	2/19/24
	3/9/24
	

	Gallery
	Janelle 
	100%
	2/19/24
	3/9/24
	

	Project Description Page Code
	Courtney
	100%
	2/19/24
	3/15/24
	

	Team About Us Page Code
	Steven 
	100%
	2/19/24
	3/15/24
	

	Gallery Page Code
	Steven
	100%
	2/19/24
	3/15/24
	

	Documents Page Code
	Courtney
	100%
	2/19/24
	3/15/24
	

	Website Active 
	Courtney, Steven 
	100%
	2/19/24
	3/15/24
	

	Report 1
	
	
	
	3/15/24
	

	Background
	Maciej 
	100%
	2/26/24
	3/16/24
	

	Customer/Engineering Req
	Janelle
	100%
	[bookmark: _Hlk165062644]2/26/24
	3/15/24
	

	Executive Summary
	Janelle
	100%
	2/26/24
	3/8/24
	

	Format and Grammer
	Courtney
	100%
	3/13/24
	3/15/24
	

	QFD
	Janelle
	100%
	2/26/24
	3/8/24
	

	Literature Review
	7 each 
	100%
	2/26/24
	3/15/24
	

	Mathematical Modeling 
	2 each 
	100%
	2/26/24
	3/15/24
	

	Decision Matrix
	Janelle 
	100%
	2/26/24
	3/15/24
	

	Pugh Chart
	Aaron 
	100%
	2/26/24
	3/15/24
	

	Consumer regulations
	Maciej, Steven
	100%
	2/26/24
	3/15/24
	

	Building Codes
	Maciej, Steven 
	100%
	2/26/24
	3/15/24
	

	Functional Decomposition Chart
	Courtney
	100%
	2/26/24
	3/15/24
	

	Concept Generation 
	Aaron 
	100%
	2/26/24
	3/15/24
	

	Conclusion
	Courtney
	100%
	2/26/24
	3/15/24
	

	Analysis Memo
	
	
	
	3/22/24
	

	Select Individual Topic
	Everyone
	100%
	3/19/24
	3/22/24
	

	Write About Topic in Report
	Everyone
	100%
	3/19/24
	3/22/24
	

	Presentation 3
	
	
	
	4/1/24
	

	Drawing Views of Designs
	Aaron 
	100%
	3/24/24
	4/8/24
	

	Top Level Design functions
	Steven 
	100%
	3/24/24
	4/8/24
	

	Important sub-assemblies
	Aaron
	100%
	3/24/24
	4/8/24
	

	Flow Charts
	Courtney
	100%
	3/24/24
	4/8/24
	

	Project Description  
	Courtney  
	100%
	3/24/24
	4/8/24
	

	QFD
	Janelle 
	100%
	3/24/24
	4/8/24
	

	Engineering Calculations
	Janelle, Steven, Courtney
	100%
	3/24/24
	4/8/24
	

	Analysis Tools (Arduino, Material Analysis)
	Courtney
	100%
	3/24/24
	4/8/24
	

	Analysis Tools (Ansys)
	Steven 
	100%
	3/24/24
	4/8/24
	

	ER and CR's yet to be quantified
	Janelle 
	100%
	3/24/24
	4/8/24
	

	FMEA/list potential failures
	Steven, Maciej
	100%
	3/24/24
	4/8/24
	

	Testing Procedures
	Maciej, Aaron
	100%
	3/24/24
	4/8/24
	

	List equipment needed
	Maciej
	100%
	3/24/24
	4/8/24
	

	Schedule for next term
	Courtney  
	100%
	3/24/24
	4/8/24
	

	Project Budget
	Maciej 
	100%
	3/24/24
	4/8/24
	

	Physical Copies of Diagrams/Drawings
	Aaron
	100%
	3/31/24
	4/8/24
	

	Prototype Demo
	
	
	
	4/1/24
	

	Physical Prototype
	Aaron, Maciej
	100%
	3/19/24
	4/1/24
	

	Virtual Prototype
	Steven, Janelle
	100%
	3/19/24
	4/1/24
	

	Report #2
	
	
	
	4/26/24
	

	Project Description
	Courtney 
	100%
	4/1/24
	4/23/24
	

	Deliverables
	Team
	100%
	4/1/24
	4/23/24
	

	Success Metrics
	Team
	100%
	4/1/24
	4/23/24
	

	Customer Requirements
	Janelle
	100%
	4/1/24
	4/23/24
	

	Engineering Requirements
	Janelle
	100%
	4/1/24
	4/23/24
	

	House of Quaity (QFD)
	Janelle
	100%
	4/1/24
	4/23/24
	

	Benchmarking
	Aaron
	100%
	4/1/24
	4/23/24
	

	Literature Review (10+ each)
	Everyone
	100%
	4/1/24
	4/23/24
	

	Math Modeling – Vapor      Compression Cycle
	Janelle
	100%
	4/1/24
	4/23/24
	

	Math Modeling - NPV
	Maciej
	100%
	4/1/24
	4/23/24
	

	Transient Heat Model 
	Janelle*/Courtney
	100%
	4/2/24
	4/23/24
	

	Math Modeling - Morphology
	Steven
	100%
	4/1/24
	4/23/24
	

	Math Modeling - Materials
	Courtney 
	100%
	4/1/24
	4/23/24
	

	Functional Decomposition
	Courtney
	100%
	4/1/24
	4/23/24
	

	Concept Generation
	Maciej
	100%
	4/1/24
	4/23/24
	

	Selection Criteria
	Aaron
	100%
	4/1/24
	4/23/24
	

	Concept Selection - Decision Matrix
	Janelle
	100%
	4/1/24
	4/23/24
	

	Concept Selection - Fos
	Steven
	100%
	4/1/24
	4/23/24
	

	Schedule  
	Courtney
	100%
	4/1/24
	4/23/24
	

	Budget
	Maciej
	100%
	4/1/24
	4/23/24
	

	Bill of Materials
	Maciej
	100%
	4/1/24
	4/23/24
	

	FMEA (failure analysis)
	Steven
	100%
	4/1/24
	4/23/24
	

	Initial prototyping
	Aaron
	100%
	4/1/24
	4/23/24
	

	Other Engineering Calculations
	Team
	100%
	4/1/24
	4/23/24
	

	Future Testing Potential
	Maciej and Aaron
	100%
	4/1/24
	4/23/24
	

	Final CAD and BoM
	
	
	
	4/26/24
	

	   CAD
	Aaron, Steven
	100%
	
	4/26/24
	

	Bill of Materials 
	Maciej
	100%
	
	4/26/2024
	

	2nd Prototype Demo
	
	
	
	4/29/24
	

	Physical Prototype
	Aaron Maciej
	100%
	
	4/29/24
	

	Virtual Prototype
	Janelle, Steven  
	100%
	
	4/29/24
	

	Project Management Assignment
	
	
	
	5/3/24
	

	List of Successes
	
	0%
	
	
	

	List of imporvements
	
	0%
	
	
	

	List of action items
	
	0%
	
	
	

	Remaining design efforts
	
	0%
	
	
	

	Gantt chart for 2nd semester
	
	0%
	
	
	

	Purchasing plan
	
	0%
	
	
	

	Manufacturing Plan
	
	0%
	
	
	

	Website Check #2
	
	
	
	5/5/24
	

	CAD and prototyping images
	
	
	
	
	

	Update Pages
	
	
	
	
	

	Submit live link
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	




Fall Semester Schedule
	TASK
	ASSIGNED TO
	PROGRESS
	START
	END

	
	
	
	
	
	

	Initial Tasks
	
	
	
	
	

	Update Gantt chart
	Courtney 
	0%
	8/1/24
	8/26/24
	

	Assign parts
	Courtney 
	0%
	8/26/24
	8/30/24
	

	Hardware Status Update - 33% build
	
	
	
	9/25/24
	

	Purchase Materials Request
	Maciej
	0%
	8/1/24
	8/26/24
	

	Assemble Parts
	
	0%
	8/26/24
	9/25/24
	

	Website Check #1
	
	
	
	10/9/24
	

	Update Pictures
	Courtney 
	0%
	10/1/24
	10/9/24
	

	Update Pages
	Courtney 
	0%
	10/1/24
	10/9/24
	

	Hardware Status Update - 67% build
	
	
	
	10/16/24
	

	Assemble Parts
	
	0%
	9/25/24
	10/16/24
	

	Draft of Poster
	
	
	
	10/30/24
	

	Design Poster Online
	
	0%
	10/1/24
	10/16/24
	

	Submit Print Purchase Request
	Maciej
	0%
	10/16/24
	10/20/24
	

	Pick Up Poster
	
	0%
	10/25/24
	10/30/24
	

	Finalized Teseting Plan
	
	
	
	10/30/24
	

	Finalize Testing Plan
	
	0%
	10/1/24
	10/30/24
	

	Hardware Status Update 100% build
	
	
	
	11/6/24
	

	Build Final Design
	
	0%
	10/1/24
	11/6/24
	

	Final Poster and Powerpoint
	
	
	
	11/13/24
	

	Final Poster
	
	0%
	11/1/24
	11/13/24
	

	Final Powerpoint
	
	0%
	11/1/24
	11/13/24
	

	Initial Testing Video
	
	
	
	11/20/24
	

	
	
	0%
	11/1/24
	11/20/24
	

	Final CAD packet
	
	
	
	11/20/24
	

	Finalize CAD
	
	0%
	11/1/24
	11/20/24
	

	Print
	
	0%
	11/1/24
	11/20/24
	

	Final Report and Website Check
	
	
	
	11/27/24
	

	Report
	
	0%
	11/1/24
	11/27/24
	

	Website Check  
	
	0%
	11/1/24
	11/27/24
	

	Product Demo and Testing Results
	
	
	
	11/27/24
	

	Product Demo  
	
	0%
	11/1/24
	11/27/24
	

	Testing Results
	
	0%
	11/1/24
	11/27/24
	



[bookmark: _Toc165065846]5.2 Budget
Our group started this semester with a $5,000 initial budget that comes from Salt River Project (SRP). We were able to effectively fundraise an extra $500 thanks to our combined efforts, which strengthened our financial position. Thanks to this financial boost, we have been able to move closer to our objectives. We set aside some money from our budget for the creation of Prototypes 1 and 2 during this semester. Prototype 1 and Prototype 2 incurred $605.29 in total in these undertakings. These financial contributions have been essential to the advancement of our initiative and our progress toward achieving our goals.
Our group closes out this semester with $4,900 left over when we assess our financial situation at the conclusion. This balance shows the resources we have available for additional prototyping and, in the future semester, building the final design. We must make prudent use of these funds to ensure that we get the most out of them and move closer to our goal.

[bookmark: _Toc165065847]5.3 Bill of Materials (BoM)
This section lists the necessary parts needed to assemble one unit of our final design concept. Each component is essential to accomplishing our project's goals and guaranteeing the thermal energy storage system's dependability, safety, and effectiveness.

· Phase Change Material
A Thermal energy storage system's core, the PCM compound, facilitates the effective storage and release of thermal energy. The system's overall performance and ability to save peak-load air conditioning costs for SRP customers are greatly dependent on the choice made.

· Insulation Material
To reduce heat transmission and preserve thermal integrity inside the storage unit, insulating foam is crucial. It improves system efficiency and guarantees peak performance throughout storage and release cycles by lowering heat input or loss.

· Heat Exchanger
The heat exchanger makes it easier for thermal energy to move from the PCM to its surroundings. In order to maximize the system's cooling capacity and reactivity, and efficient heat exchange is critical in its design and efficiency.

· Enclosure system
The enclosure offers the system's internal components protection and structural support. It guarantees the thermal energy storage unit's lifetime, robustness, and safe operation while protecting them from the elements.

· Control and Monitoring System
Temperature, timing, and energy flow are just a few of the characteristics that the control unit regulates and operates. It makes it possible to precisely regulate and optimize the system's performance to satisfy the unique needs of SRP clients. Sensors are essential in this case as they guarantee the thermal energy storage system's dependability and safety while facilitating proactive maintenance and early anomaly detection.

· Hardware
Numerous fasteners, connections, bolts, and nuts are necessary for the thermal energy storage system's entire construction and operation. They make it easier to install, maintain, and repair the system, which guarantees its lifetime and seamless operation.

Despite the above-mentioned necessary parts for our final design. This semester’s prototyping portion of this project included testing Phase Change Materials outside and inside a Heat Exchanger. Materials purchased in this semester are narrowed to the ones that were used for these two specific sections. For detailed prototyping BoMs, please refer to the appendix section of this report (figure 18).
[bookmark: _Toc165065848]Chapter 6: Design Validation and Initial Prototyping
[bookmark: _Toc165065849]6.1 Failure Modes and Effects Analysis (FMEA)
According to the literature on CTES, a few apparent characteristics are likely to fail. Because the thermal mass is the only object we would have to model and create experiments on, the FEMA could only consist of one subsystem, the thermal mass. Because the thermal mass is supported by a vapor compression system and a heat exchanger with an HTF for the thermal mass, FEMA was created for them as well. The thermal mass will have the most focus of the four subsystems, but the failure effects of the other subsystems are considered as they apply to the thermal mass. The SRP thermal mass team does not intend to create or prototype any other subsystems unless we make the HTF's vapor-to-liquid heat exchanger.
Most thermal masses do not have moving parts or only a heat transfer fluid that moves through them; failures are due to improper installation. This may be part of every product; they can be particularly aggressive in this case. Improper installation and usage of the components will lead to cracks and bends in the required thin-walled piping. The HTF has to maintain working pressures and mass flow rates. A crack will lead to a simple failure that could cause a poisonous substance to enter an environment. Worse would be a bend that prevents flow, resulting in a buildup that will destroy pumps and compressors or explode from the device. These failure modes will contaminate the environment and pose severe risks to human life. Many mitigation methods would overcome this issue but would come with a considerable trade-off. A thicker copper tube would prevent most of the errors involved with construction and installation. This would increase the cost, lower the manufacturability, lower heat transfer efficiency, and decrease ease of maintenance. Instead, a comprehensive plan for manufacturing and installation will be created to prevent these errors. This will slightly reduce the ease of maintenance and make manufacturability a little more complex, and the team considers this the best method.
Much of the literature references leakage or damage due to phase change materials causing stress and fatigue. The literature discusses cracks and corrosion of the containers and pipes as common failure modes. These values are discussed, but values are not readily apparent from reading. It is still considered unlikely in our small-scale prototypes, but the actual values of these failure modes have a calculation model. Using a standard formula and method for solving stresses in pressurized cylinders and press and shrink fits, the stresses can be known as a variable of the uniform density of the PCM against the walls of the pipe. The stresses calculated by the linear elastic fracture mechanics combined with thermal loading create a better picture of the life span of the copper pipe in the thermal mass. 
Ice does not form in a manner that is predictable or consistent. Hence, much literature and research are pursuing physically stabilizing PCMs. The current method to mitigate this issue is to create a process to place the PCM in an orientation that is relatively safe. For example, suspending the copper tube through the PEX-A and installing the thermal mass horizontally will help produce consistent loading and a more predictable failure. In the concrete model, vertical installation and reducing condensation on the surface can mitigate the likelihood of concrete degradation and cracking.
[bookmark: _Toc165065850]6.2 Initial Prototyping
[bookmark: _Toc165065851]	6.2.1 The virtual concrete prototype[image: A long grey pencil on a grid
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Figure 25
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Figure 26

The virtual concrete model showed how the ice is going to freeze as time goes on. The amount of time that it takes to chill to the desired temperature for the heat transfer fluid on the inside of the pipe that is within the concrete. This model was created by ANSYS. This virtual prototype answered the question of how long it is going to take to freeze internally. ANSYS said that it would take about 30 mins. Then with the physical prototype we made with PEX pipe we were able to test the accuracy of the model. We determined that the model was accurate to the point of when it starts to melt. The virtual model was useful in answering this question. 
[bookmark: _Toc165065852]	6.2.2 The ice in Pex-A
The teams initial physical prototype consisted of a straight copper tube running through the center of a Pex-A tube where the copper is intended to carry the cooling fluid which it did not have but was expected to be a ethylene glycol water mixture. Surrounding the copper and encased in the Pex-A tube is water being used as the PCM. This is encased by using hot glue at each end for flexibility. The prototype was used to test the durability of the Pex-A since the water expansion could cause the tube or pipe to leak and after testing the team found that with materials used, there was no leaking and significantly less chance of failure since Pex-A tubing can expand at the same rate as the water. This prototype is considered due to the thermal properties of water and with less chance of failure due to the piping. With the information from this prototype the team concluded that Pex-A would be suitable for the application where water needs to be frozen and melted constantly.

[bookmark: _Toc165065853]6.2.3 Hexahydrates Phase Change Heat Exchanger
The team created an apparatus that encased a mix of 66% CaCl2+6H20 and 33% MgCl2+6H20 in 3 copper tubes. These 3 tubes are all inside of an ABS pipe with an inlet and outlet used for pumping water through. The goal of the prototype was to test the material for the heat capacity by using water that sits above the mixture's melting point. The temperature was taken over time until reaching steady state. Thermocouples are fitted on each end to measure the change in temperature of the by recording temperature over time as the water flows and meets the copper tubes. The team found that the temperature difference of the water was about 3degreesd Celsius colder at the outlet when running the water at 0.000014 m^3/s. By running this experiment with the prototype the teams aim is to create a very similar experiment but to use a controlled blower or AC that can be used in place of a water pump since air would translate better to the scope of the project. Although the process of mixing and encasing the PCM helps in the development of manufacturing knowledge needed for the final design. The water also allowed for better heat transfer and facilitated recording data and ease of measuring flowrate opposed to air.
[bookmark: _Toc165065854]6.2.4 Failure analysis of thermal mass tubing
According to the FMEA and the literature cracking and loss of thermal mass is a significant issue in most of the products available. The current iteration of our device includes a copper pipe in compression and fully reversed fatigue. If that copper pipe fails the thermal mass fails. A structural model of the copper pipe in the ice has been created to analyse the forces developed on the walls of the pipe in the thermal mass. Theoretical pressures and point loads are currently in the model and the strains can be numerically approximated. A deeper understanding of the modes of water phase change and the predicted values for the point loads is now a new research opportunity to explore for the future of our team.
The G. Lamé equation for thick-walled cylinders can determine the stress radial and tangential as well as the displacement. 
		(13)
		(14)
		(15)
These equations will allow the team to calculate the analytical maximum and fully reversed stresses and displacements. To predict individual point loads and uneven stress concentrations an Ansys simulation is used. The analytical solution has been modeled in Matlab to compare to the Ansys model. Greater refinement of the model in Ansys will have to be understood.
[image: ]
Figure 27
[bookmark: _Toc165065855]6.3 Other Engineering Calculations
The SRP Thermal Mass team began with the need to understand latent and sensible heat. This is the only method to store heat. The calculations for these methods have been discussed, but where they have been applied was not. In understanding and applying different materials, we often needed to make a side calculation, a “sanity check,” for the materials we used. The materials informed our decisions, as did the application of the cost-benefit analysis. The value of latent heat in paraffin was our initial focus, and the calculations were promising but proved not to be cost-effective as a device and more effective in a passive cooling apparatus. This was apparent in our decision matrix as well.
The phase change materials being tested for the final prototype are becoming a hybrid method incorporating latent heat and the chiller the team had represented in the concept generation phase. The chiller is some form of vapor compression cycle that uses energy to expel heat from the thermal mass. The amount of energy used by the chiller and its efficiency are included in our calculations, but they must be verified experimentally.
Every method and apparatus discussed needs a few heat transfer calculations, such as heat transfer through PEX-A or free convection calculations against concrete. Many of these heat transfer calculations are not documented because many were performed at the moment to validate assumptions. Geometry and morphology are other calculations that go unnoticed because of how often they are employed; using density and latent heat are now part of the simple processes.
The factor of safety calculations is still cropping up as we understand the failure modes. Understanding that we will still need to calculate FoS for many objects we did not build to move forward. The internal pressures on the coolant lines of the vapor compression chiller will be applied to the FoS of the lines that run directly through the concrete. Along with the calculations for thermal cycling, we will determine the likely failure of a concrete thermal mass system. This is the same method we employed to determine the failure of the copper pipe in the water thermal mass model.

[bookmark: _Toc165065856]6.4 Future Testing Potential 
After the model has been united and tested for bugs, the process of creating methods to guarantee our calculations will begin. We will need a test for every aspect of the model in one smaller prototype. Where possible, the engineering requirements will be combined, and a prototype will test as many variables as possible at once. A test situation room will likely need to be constructed, and a scaled prototype representation must be put through the same rigors expected. These experiments will yield values that can be compared to the calculations of our representative models. After these tests and the validation of our models, we can then construct the complex multifactor analysis of the entire project to optimize the prototype and report the true viability of our project.
[bookmark: _Toc161507436][bookmark: _Toc165065857]Chapter 7: Conclusion
The Salt River Project’s Thermal Mass project is making major advances in providing a product that can be prototyped and iterated into a marketable design. Using the engineering method processes and working together, we worked through creating the project demands. The project required 12 kilowatt hours of cold storage or 43.2 megajoules per hour. This cold storage must be delivered over 3 hours to an average-sized home in Phoenix, Arizona. The effect will be to reduce the customers’ need to turn on the air conditioning in the afternoon. The client input and research done created the customer requirements of user-friendliness, reliability, safety, affordability, and ease of maintenance. The team created the engineering requirements of efficiency, cost, safety, comfort level, and system analysis. The QFD is made from the requirements, and the concept generation has started. Concept generation exposes the sub-functions, which are combined and compared to the available engineering models. Each concept is represented morphologically and economically in a functional decomposition. The selections are made for the final design that can be fully justified by the values generated. The final design is determined to be most cost-effective and built into an existing air conditioning unit.
	The final design identifies the major sub-systems of: 
· Thermal mass: constitutes where the heat will be charged and discharged from. Paraffin is the benchmark but can still be eliminated going forward.
· Air management: this is how the device delivers cold air and receives the cooling that will be used later.
· Method of Delivery: An air conditioning unit comprises 4 constituent parts in the thermodynamic model: Compressor, condenser, orifice tube, and evaporator. The chosen designs are after the orifice tube and as part of the evaporator.
The next engineering step is to prototype these major subsystems and find if they can be combined into one device. The final design still has the option of rejecting subsystems to still be viable and avoid design bottle necks.
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	SRP Customers approximate savings

	 
	May/June/Sept./Oct.
	July/August
	Total

	Daily
	 $                                   2.72 
	 $            3.10 
	

	Weekly (5 day week)
	 $                                13.62 
	 $         15.51 
	

	Whole Term
	 $                             236.99 
	 $      137.37 
	 $    374.36 



Figure 12: SRP customers electricy spendings

	Initial Investment Water w/ chiller

	Chiller
	 $                        3,000.00 
	unit

	Water
	 $                                11.86 
	40 gal

	Copper
	 $                             800.00 
	1200ft

	PEX-A
	 $                             739.00 
	1200ft

	Glycol
	 $                                56.04 
	4.16gal

	Total
	 $                        4,606.90 
	 



Figure 13: Initial investment option 1
	Initial Investment Concrete w/ chiller

	Chiller
	 $  3,000.00 
	unit

	Concrete
	 $       317.82 
	2 cubic yards

	Water
	 $          50.00 
	 

	Glycol
	 $          83.33 
	6.18gal

	Copper
	 $       923.00 
	 

	Total
	 $  4,374.15 
	 



Figure 14: Initial investment option 1

	Initial Investment Water 

	Pump
	 $                             169.89 
	unit

	Water
	 $                                11.86 
	40 gal

	Copper
	 $                             800.00 
	1200ft

	PEX-A
	 $                             739.00 
	1200ft

	Heat Exchanger
	 $                                60.00 
	unit

	Glycol
	 $                                56.04 
	4.16gal

	Total
	 $                        1,836.79 
	 



Figure 15: Initial investment option 1

	Initial Investment Concrete

	Pump
	 $       169.89 
	unit

	Concrete
	 $       317.82 
	2 cubic yards

	Water
	 $          50.00 
	 

	Glycol
	 $          83.33 
	6.18gal

	Heat Exchanger 
	 $          60.00 
	unit

	Copper
	 $       923.00 
	 

	Total
	 $  1,604.04 
	 



Figure 16: Initial investment option 1

	Initial Investment Water with pump replacement

	Pump
	 $                             339.78 
	unit

	Water
	 $                                11.86 
	40 gal

	Copper
	 $                             800.00 
	1200ft

	PEX-A
	 $                             739.00 
	1200ft

	Heat Exchanger
	 $                                60.00 
	unit

	Glycol
	 $                                56.04 
	4.16gal

	Total
	 $                        2,006.68 
	 



Figure 17: Initial investment option 1
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Figure 18: Bill of Materials
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[bookmark: _Toc165065872]Material Properties MATLAB code
function MaterialProperties(Material,HeatofFusion, TempofFusion, SpecificHeat, DensityMatrix, MinEnergyRequirement, MaxEnergyRequirement, LowestTemp, Costperkg)
% AUTHOR: Courtney Hiatt
% DATE: 3/26/2024
% INPUTS: Material Properties and Energy Requirements
% OUTPUTS: Graphs and Tables regarding mass and volume requirements

% This MATLAB code inputs the material properties and minimum to maximum
% energy requirements and outputs data and graphs on the required mass,
% volume, and price required to run the AC through the night. 


%Initializing values
RoomTemp = 20; %C
dT = RoomTemp-LowestTemp; %C
T = linspace(LowestTemp,RoomTemp,20)'; %C
density = interp1(DensityMatrix(1,:),DensityMatrix(2,:),T); %kg/m^3
MinDensity = min(density); %kg/m^3
EnergyValues = linspace(MinEnergyRequirement, MaxEnergyRequirement, 20)'; %kJ
Mass = EnergyValues./(SpecificHeat*dT+HeatofFusion); %kg
Volume = Mass/MinDensity;
Latent = Mass*HeatofFusion;
Sensible = EnergyValues-Latent;
Cost = Mass*Costperkg;

% If the material does not go through phase change, the latent heat is 0,
% and this can be accounted for by changing the heat of fusion to 0. 
if (LowestTemp > TempofFusion) || (TempofFusion > RoomTemp)
    HeatofFusion = 0;
end

%Plotting and creating a table of the mass and volume required for the
%minimum to maximum energy requirements
A = [EnergyValues, Mass, Volume, Latent, Sensible];
Table1 = array2table(A, 'VariableNames', {'Energy Requirmenets (kJ)', 'Mass Required (kg)', 'Volume Required (m^3)', 'Latent Heat Storage (kJ)', 'Sensible Heat Storage (kJ)'});
text = 'Mass and Volume Requirements for Energy Requirements ';
txt = append(text,Material);
Table1 = table(Table1, 'VariableNames', {txt})

figure
hold on
text = 'Mass and Volume Material Required for ';
txt = append(text,Material);
title(txt)
xlabel('Energy Required (kJ)')
yyaxis left
plot(EnergyValues,Mass)
ylabel('Mass of Material Required (kg)')
yyaxis right
plot(EnergyValues,Volume)
ylabel('Max volume of material requied (m^3)')
hold off

figure
hold on
text = 'Price and Mass Material Required for ';
txt = append(text,Material);
title(txt)
xlabel('Energy Required (kJ)')
yyaxis left
plot(EnergyValues,Mass)
ylabel('Mass of Material Required (kg)')
yyaxis right
plot(EnergyValues,Cost)
ylabel('Cost ($)')
hold off

%This creates a table and plot of the changes in volume for the max and min energy
%requirement
MaxMass = MaxEnergyRequirement./(SpecificHeat*dT+HeatofFusion); %kg
MaxVolumes = MaxMass./density; %m^3
MinMass = MinEnergyRequirement./(SpecificHeat*dT+HeatofFusion); %kg
MinVolumes = MinMass./density; %m^3

B = [T, MaxVolumes];
Table2 = array2table(B, 'VariableNames', {'Temperature (C)', 'Volume'});
text = 'Volume Requirements for Maximum Energy Requirements ';
txt = append(text,Material);
Table2 = table(Table2, 'VariableNames', {txt})
C = [T, MinVolumes];
Table3 = array2table(C, 'VariableNames', {'Temperature (C)', 'Volume (m^3)'});
text = 'Volume Requirements for Minimum Energy Requirements ';
txt = append(text,Material);
Table3 = table(Table3, 'VariableNames', {txt})

figure
hold on
plot(T,MaxVolumes)
plot(T,MinVolumes)
xlabel('Temperature (C)')
ylabel('Volume (m^3)')
text = 'Volume Requirements at Varying Temperatures for ';
txt = append(text,Material);
title(txt)
legend('Max Energy Requirements', 'Min Energy Requirements')
hold off

end


[bookmark: _Toc165065873]Material Properties Driver MATLAB code

% AUTHOR: Courtney Hiatt
% DATE: 3/26/24
% This code is the driver for the material properties function and outputs
% mass, volume, and cost requirements for different materials. 


clc
clear all

LowestTemp = -1; %deg C
MinEnergyRequirement = 43200; %kJ 
MaxEnergyRequirement = 50400; %kJ

%Properties of water
Water = 'Water';
WaterHeatofFusion = 334; %kJ/kg
WaterSpecificHeat = 4.187; %kJ/kgC
TempofFusion = 0; %deg C
WaterDensityMatrix = [-50 -40 -35 -30 -25 -20 -15 -10 -5 0 1 4 10 15 20 25 30 35 40 45 50 55 60 65 70; 921.6 920.8 920.4 920 919.6 919.4 919.4 918.9 917.5 916.2 999.90 999.97 999.70 999.10 998.21 997.05 995.65 994.03 992.22 990.21 998.04 985.69 983.21 980.55 977.76]; %kg/m3
WaterCost = 0.0002189;
MaterialProperties(Water, WaterHeatofFusion, TempofFusion, WaterSpecificHeat, WaterDensityMatrix, MinEnergyRequirement, MaxEnergyRequirement, LowestTemp, WaterCost)


%Properties of concrete
Concrete = 'Concrete';
ConcreteHeatofFusion = 0; %kJ/kg
ConcreteSpecificHeat = 1; %kJ/kgC
ConcreteDensityMatrix = [-100,0, 80, 95, 180; 2300, 2300, 2300, 2300, 2254];
ConcreteTempofFusion = 1200; %deg C
ConcreteCost = 0.10;
MaterialProperties(Concrete, ConcreteHeatofFusion, ConcreteTempofFusion, ConcreteSpecificHeat, ConcreteDensityMatrix, MinEnergyRequirement, MaxEnergyRequirement, LowestTemp, ConcreteCost)


[bookmark: _Toc165065874]Arduino Temperature Sensor Code


int sensor1 = 0;

void setup()
{
  Serial.begin(9600);
}

void loop()
{
  int reading = analogRead(sensor1);
  float voltage = reading * 5.0198;
  voltage /= 1024.0;
  
  float temperatureC = (voltage - 0.5)*100;
  Serial.print(temperatureC);
  Serial.println(" degrees C");
  
  delay(1000);
}
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TasLe 11.3  Heat exchanger effectiveness relations [5]
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FIGURE 5.4 Transient temperature distributions for different Biot numbers in a plane wall
symmetrically cooled by convection.
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Assembly Name | Thermal Energy Storage
e o Bill of Materials

o Cost o
Vendor ame em S ay [Touicon
Sigma-Aldrich | Magnesium Chloride Hexahydrate 500g 1 S 10464
Sigma-Aldrich Calcium Chloride Hexahydrate kg 1 S 5836
Home Depot _ [ Platium Univ Antifreeze Plus Coolant! 1gal 1 $ 6110
Home Depot ‘QuQuyi Copper Tube 1/8" 1 $ 1505
‘Amazon NOM C Copper Cap 1/8" 16 $ 4515
Zoro. Charlotte Pipe ABS DWC Cap. 32 S 4180
Home Depot ABS Cell Core Pipe 4"x10° 2 S 4577
Home Depot Type M Copper Tube 1/2"x2" 1 s 723
Home Depot ‘White PEX-A Pipe 1 $ 1545
Home Depot Heavy Duty Fitting Brush 1 s 427
Home Depot Clearweld Epoxy Syringe 25ml 1 s 778
Home Depot Push PEX Pipe Cutter 12 1 $ 998
Home Depot DWV Knock Out Test Cap. 2 4 S 236
Home Depot Barb MTP Adapter Brass. 1/2'x1/2" 1 S 657
Home Depot MIP x FIP Pipe Bushing Brass 1/2'x3/8" 1 S 557
‘Amazon CGELE K-Type Thermocouple NPT - 2 S 2618
Home Depot MIP x FIP Pipe Bushing Brass 1/2'x1/4" 1 S 557
Home Depot FIP Red Brass Tee 11/2' x 1/2' x 1/2'] 2 $ 1914
Home Depot Pipe Tape. 1/2'x 260" 1 $ 098
Home Depot Cap for C1, ST, PLCU 2" 1 S 436
Home Depot CopCapC 12 6 S 6.30
Home Depot Type L Copper_ 1/2"x2" 3 S 2928
Home Depot ABS Pipe. 2'x2" 1 s 897
Home Depot ABS Cap Hub 2" 1 S 1084
Home Depot LD Single Robe Hook MB Spk - 1 s 947
Home Depot Black Drywall Hook 151bs/3.3ft 1 $ 1198
Home Depot Mach Screw Zinc Comb Rnd 12" 1 S 168
Home Depot MIP x FIP Bushing Brass 3/8" x1/4" 2 $ 1096
Home Depot MIP x FIP Bushing Brass 1/2" x3/8' 2 $ 1114
Home Depot 1-B Weld PlasticBonder - 2 S 1736
[Total $ 60529
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