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Studio   
Name / Theme Building Technology Graduation Studio - Energy & Climate 

Main mentor Dr.ir. Martin Tenpierik Building physics - Energy 

Second mentor Dipl.-Ing. Marcel Bilow Product design 

Argumentation of choice 
of the studio 

After living in a poorly insulated apartment in Delft during my first 
year of the master's, the interest in finding a way to passively 
improve thermal comfort without conducting an expensive renovation 
sparked. After being introduced to phase change materials during a 
course here at TU Delft, this type of material could be part of the 
solution due to its high heat storage capacity per unit weight and 
volume. The topic becomes even more relevant when considering 
how many old and poorly insulated dwellings there are in the 
Netherlands. 

 

Graduation project  
Title of the graduation 
project 
 

Phase changing curtain 

Goal  
Location: The Netherlands 
The posed problem,  In recent years, geopolitical, societal, 

environmental, and economic events have 
caused a spike in demand for sustainable 
stewardship from the construction industry and 
across all boards. The events caused gas and 
electricity prices to spike, significantly impacting 
the individual’s wallet for the first time. 
(Ministerie van Algemene Zaken, 2022) Higher 
energy prices have led citizens to turn off the 
heating or only use it a few hours a day to save 
as much energy and money as possible. The 
situation is especially difficult for occupants 
living in the Dutch dwelling stock constructed 
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before the 90s. Although, the Dutch government 
has implemented strategies to renovate all the 
buildings by 2050. (van den Brom et al., 2018) 
The goal is ambitious, and it does not get 
accomplished overnight. Therefore, a solution 
that can quickly be implemented to lower the 
energy bill and increase occupant comfort has 
excellent potential.  

research questions and Main research question: 

How can phase change material be incorporated 
into a cost-effective product to increase the 
thermal inertia of lightweight dwellings in a Cfb 
climate to enhance passive cooling and heating 
throughout the year? 

Secondary research questions: 

How do the summer and winter seasons affect 
the melting process of PCMs?  

What would be the ideal behavior of the product 
during the different seasons? 

How much PCM volume is required to make a 
sensible difference in a 15 m2 room? 

What would be the ideal component size to 
balance flexibility with thermal performance? 

Which is the ideal material and manufacturing 
method to make it a durable and cost-effective 
product? 

design assignment in which these result.  The project consists of three design 
assignments: a practical experiment, a designed 
PCM system, and a scaled prototype of the final 
design. 

Designing and conducting a practical experiment 
is an integral part of the learning process, which 
will give an understanding of how phase change 
materials behave in real life.  

The primary assignment of this graduation 
project is to design a PCM product that can be 
implemented into old lightweight dwellings in 
the Netherlands to improve annual thermal 
performance. The product should be user-
friendly and straightforward enough so 
homeowners can install it themselves without 
hiring expertise. The ability to also be able to 



replace broken components is essential to 
maintain good thermal performance and 
longevity. Furthermore, the product must be 
lightweight enough to move aside when not 
desired. Finally, it must be aesthetically pleasing, 
durable, cost-effective, and marketable, so 
homeowners want to buy and showcase it in 
their homes. 

Building a scaled prototype is the final 
assignment of this graduation project. The 
components within the model will be moveable 
to illustrate how the system can be adjusted 
depending on season. 

Process  
Method description   
This project follows research through design structure, meaning that the knowledge gained from 
simulations and trial and error will lead to further understanding, which could then be applied to 
improve the next design iteration. 

The literature review and research analyze the existing building stock, the envelope, and climate 
analysis. Then establish a base knowledge of thermal performance, heat flow, sensible and latent 
heat, and what phase change materials are. Desirable characteristics, PCM types, significant 
drawbacks, and typical building applications. After that, extensive research into encapsulation 
methods, benefits, and performance aspects of interior applications. Finally, product development 
investigates modularity, user interaction, material choices, and manufacturing methods. 

The research is based on peer-reviewed literature published on ScienceDirect and technical data 
derived from Climate Consultant 6.0, Granta Edupack, and manufacturer’s websites. In addition, 
professors and mentors from TU Delft provided supplemental knowledge and recommendation on 
scientific articles. 
 
The experimentation part of the project involves filling plastic containers of different volumes and 
thicknesses with PCM to study the melting process and thermal performance. Understanding how 
PCMs operate in practice will be essential to the learning process. It will also help establish suitable 
encapsulation volumes for thermal performance and daily operations. 

The computational design phase involves applying the knowledge gained from the literature study 
to set up a simulation in MATLAB to determine the total thermal storage capacity needed for the 
system. Based on the required PCM volume, a range of conceptual design ideas are generated using 
Rhinoceros 7 and Grasshopper. The concepts may vary in their layout pattern, component geometry, 
volume, and thickness. Finally, the concepts are tested in the Grasshopper plugins Ladybug and 
Honeybee to determine how much solar radiation each concept achieves. 

The product design phase includes 3D printing specific components to test the modularity and 
connection between parts, technical detailing of critical parts of the system, developing an assembly 
manual, and making a prototype. The prototype will be constructed using 3D printing and conventional 
fabrication techniques to showcase the final product. The components within the model will be 
moveable to illustrate how the system can be adjusted depending on the season. The prototype is not 
expected to be filled with PCM due to the uncertainty of leakage due to 3D printing. Therefore, it is 



essential to justify the product by providing a list of manufacturing processes suitable for large-scale 
production.  

Evaluation and discussion at the end analyze if the thermal performance and product functionality 
are according to the objectives and parameters set up along the process. The analysis validates if the 
product is feasible for mass production and market implementation. The research and design process 
is also evaluated to see if something could have been done differently to achieve a more intelligent or 
suitable result. 

  



Literature and general practical preference 
 
Aerogel Technologies, LLC. (2023). Aerogel Insulation Blankets. 

http://www.aerogeltechnologies.com/classic-aerogels/classic-aerogel-products/ 
Ahangaran, F., Navarchian, A. H., & Picchioni, F. (2019). Material encapsulation in poly(methyl 

methacrylate) shell: A review. Journal of Applied Polymer Science, 136(41), 48039. 
https://doi.org/10.1002/app.48039 

AxioTherm. (2023). HeatSel® – Energy Storage Solutions for water-based applications. RAL Quality 
Association PCM. https://www.pcm-ral.org/pcm/en/members/axiotherm-gmbh/ 

Baetens, R., Jelle, B. P., & Gustavsen, A. (2010). Phase change materials for building applications: A 
state-of-the-art review. Energy and Buildings, 42(9), 1361–1368. 
https://doi.org/10.1016/j.enbuild.2010.03.026 

Bland, A., Khzouz, M., Statheros, T., & Gkanas, E. (2017). PCMs for Residential Building Applications: A 
Short Review Focused on Disadvantages and Proposals for Future Development. Buildings, 
7(3), 78. https://doi.org/10.3390/buildings7030078 

Bluyssen, P. M. (2013). The Healthy Indoor Environment: How to Assess Occupants’ Wellbeing in 
Buildings. CRC Press LLC. 
http://ebookcentral.proquest.com/lib/delft/detail.action?docID=1524232 

Boca PCM. (2023). PCM Panel: The art of stacking. https://pcm-tes.com/pcm-panel/ 
Bonvoisin, J., Halstenberg, F., Buchert, T., & Stark, R. (2016). A systematic literature review on 

modular product design. Journal of Engineering Design, 27(7), 488–514. 
https://doi.org/10.1080/09544828.2016.1166482 

Britannica, T. Editors. (2022). Slum. In Encyclopedia Britannica. 
https://www.britannica.com/topic/slum 

Cabeza, L. F., Martorell, I., Miró, L., Fernández, A. I., & Barreneche, C. (2015). Introduction to thermal 
energy storage (TES) systems. In Advances in Thermal Energy Storage Systems (pp. 1–28). 
Elsevier. https://doi.org/10.1533/9781782420965.1 

Climate Consultant 6.0. (2021). Energy Design Tools. 
Croda International Plc. (2022). Product Finder. https://www.crodaindustrialspecialties.com/en-

gb/product-
finder?functions=90&currentPage=1&pageSize=20&sortBy=recommended&lang=en-gb 

Cupkova, D., & Promoppatum, P. (2017). Modulating Thermal Mass Behavior Through Surface 
Figuration. 202–211. https://doi.org/10.52842/conf.acadia.2017.202 

Dusseldorp, A., van Bruggen, M., & Douwes, J. (2007). Health-based guideline values for the indoor 
environment (No. 609021044). RIVM. 

Energiegids. (2019). NTA 8800 rekenmethode energieprestatie gebouwen. Energiegids. 
https://www.nieman.nl/specialismen/energie-en-duurzaamheid/beng-eis-vanaf-01-01-2021/ 



European Commission. (2022). Energy performance of buildings directive. Energy. 
https://energy.ec.europa.eu/topics/energy-efficiency/energy-efficient-buildings/energy-
performance-buildings-directive_en 

Frontczak, M., & Wargocki, P. (2011). Literature survey on how different factors influence human 
comfort in indoor environments. Building and Environment, 46(4), 922–937. 
https://doi.org/10.1016/j.buildenv.2010.10.021 

Giovannini, L., Goia, F., Lo Verso, V. R. M., & Serra, V. (2018). A Comparative Analysis of the Visual 
Comfort Performance between a PCM Glazing and a Conventional Selective Double Glazed 
Unit. Sustainability, 10(10), Article 10. https://doi.org/10.3390/su10103579 

GlassX AG. (2023). GLASSX®crystal: Das Glas, das speichert, wärmt und kühlt. 
https://www.glassx.ch/de/produkte/glassx-crystal/ 

Granta EduPack (22.1.2). (2022). [Windows]. ANSYS, Inc. 
Hasnain, S. M. (1998). Review on sustainable thermal energy storage technologies, Part I: Heat 

storage materials and techniques. Energy Conversion and Management, 39(11), 1127–1138. 
https://doi.org/10.1016/S0196-8904(98)00025-9 

Hendriks, Kees Jan. (2019). A change of state [Master Thesis, TU Delft Architecture and the Built 
Environment]. http://resolver.tudelft.nl/uuid:40d4af95-16b1-4b3f-9182-ac96929e2525 

Ikutegbe, C. A., & Farid, M. M. (2020). Application of phase change material foam composites in the 
built environment: A critical review. Renewable and Sustainable Energy Reviews, 131, 110008. 
https://doi.org/10.1016/j.rser.2020.110008 

ir. R.M.M. van der Loos. (2017). Referentie gebouwen BENG (Bijna EnergieNeutrale Gebouwen) 
(E.2015.1371.00.R001). Rijksdienst voor Ondernemend Nederland. 

Junaid, M. F., Rehman, Z. ur, Čekon, M., Čurpek, J., Farooq, R., Cui, H., & Khan, I. (2021). Inorganic 
phase change materials in thermal energy storage: A review on perspectives and technological 
advances in building applications. Energy and Buildings, 252, 111443. 
https://doi.org/10.1016/j.enbuild.2021.111443 

Kalnæs, S. E., & Jelle, B. P. (2015). Phase change materials and products for building applications: A 
state-of-the-art review and future research opportunities. Energy and Buildings, 94, 150–176. 
https://doi.org/10.1016/j.enbuild.2015.02.023 

Kośny, J. (2015). PCM-Enhanced Building Components. Springer International Publishing. 
https://doi.org/10.1007/978-3-319-14286-9 

Liu, Z., Yu, Z. (Jerry), Yang, T., Qin, D., Li, S., Zhang, G., Haghighat, F., & Joybari, M. M. (2018). A 
review on macro-encapsulated phase change material for building envelope applications. 
Building and Environment, 144, 281–294. https://doi.org/10.1016/j.buildenv.2018.08.030 

Mavrigiannaki, A., & Ampatzi, E. (2016). Latent heat storage in building elements: A systematic review 
on properties and contextual performance factors. Renewable and Sustainable Energy 
Reviews, 60, 852–866. https://doi.org/10.1016/j.rser.2016.01.115 



Microtek Laboratories Inc. (2022). Microencapsulation solutions. 
https://www.microteklabs.com/microencapsulation-solutions/ 

Ministerie van Algemene Zaken. (2022, October 30). Cabinet plans price cap for gas and electricity—
Energy crisis—Government.nl [Onderwerp]. Ministerie van Algemene Zaken. 
https://www.government.nl/topics/energy-crisis/cabinet-plans-price-cap-for-gas-and-electricity 

PCM Energy P. Ltd. (2021). Product Detail. http://pcmenergy.com/products.htm 
Peel, M. C., Finlayson, B. L., & McMahon, T. A. (2007). Updated world map of the Ko¨ppen-Geiger 

climate classification. Hydrol. Earth Syst. Sci. 
PureTemp LLC. (2022). PureTemp Phase Change Material. https://puretemp.com/?page_id=173 
Rathakrishnan, E. (2012). Elements of Heat Transfer. Taylor & Francis Group. 

http://ebookcentral.proquest.com/lib/delft/detail.action?docID=1689410 
Rubitherm Technologies GmbH. (2022). What Is PCM. https://www.rubitherm.eu/pcm.html 
Sadineni, S. B., Madala, S., & Boehm, R. F. (2011). Passive building energy savings: A review of 

building envelope components. Renewable and Sustainable Energy Reviews, 15(8), 3617–
3631. https://doi.org/10.1016/j.rser.2011.07.014 

Safari, A., Saidur, R., Sulaiman, F. A., Xu, Y., & Dong, J. (2017). A review on supercooling of Phase 
Change Materials in thermal energy storage systems. Renewable and Sustainable Energy 
Reviews, 70, 905–919. https://doi.org/10.1016/j.rser.2016.11.272 

Shaid, A., Wang, L., & Padhye, R. (2016). The thermal protection and comfort properties of aerogel 
and PCM-coated fabric for firefighter garment. Journal of Industrial Textiles, 45(4), 611–625. 
https://doi.org/10.1177/1528083715610296 

Tebaldi, M. L., Belardi, R. M., & Montoro, S. R. (2016). Chapter 8 - Polymers with Nano-Encapsulated 
Functional Polymers: Encapsulated Phase Change Materials. In S. Thomas, R. Shanks, & S. 
Chandrasekharakurup (Eds.), Design and Applications of Nanostructured Polymer Blends and 
Nanocomposite Systems (pp. 155–169). William Andrew Publishing. 
https://doi.org/10.1016/B978-0-323-39408-6.00019-4 

Tenpierik, M. J., Turrin, M., Wattez, Y. C. M., Cosmatu, T., Tsafou, S. E., Farrugia, E. G., & van Unen, 
J. A. (2020). Double Face 2.0: An adjustable, translucent, PCM-based Trombe wall. 
Bouwfysica, 31(2). https://repository.tudelft.nl/islandora/object/uuid%3A401c9403-2560-
481b-9d77-a57fd939b226 

van den Brom, P. I., Camarasa, C., Catenazzi, G., Goatman, D., Jakob, M., Meijer, A., Nägeli, C., 
Ostermeyer, Y., Palacios, A., & Sainz de Baranda, E. (2018). Building Market Brief The 
Netherlands. CUES Foundation. 

Veerappan, M., Kalaiselvam, S., Iniyan, S., & Goic, R. (2009). Phase change characteristic study of 
spherical PCMs in solar energy storage. Solar Energy, 83(8), 1245–1252. 
https://doi.org/10.1016/j.solener.2009.02.006 



Vigna, I., Bianco, L., Goia, F., & Serra, V. (2018). Phase Change Materials in Transparent Building 
Envelopes: A Strengths, Weakness, Opportunities and Threats (SWOT) Analysis. Energies, 
11(1), 111. https://doi.org/10.3390/en11010111 

Wahi, P., Konstantinou, T., Tenpierik, M., & Visscher, H. (2022). Requirements for renovating 
residential buildings in the Netherlands towards lower temperature supply from district 
heating. IOP Conference Series: Earth and Environmental Science, 1085(1), 012031. 
https://doi.org/10.1088/1755-1315/1085/1/012031 

Wang, Q., & Zhao, C. Y. (2015). Parametric investigations of using a PCM curtain for energy efficient 
buildings. Energy and Buildings, 94, 33–42. https://doi.org/10.1016/j.enbuild.2015.02.024 

Zhai, Z. (John), & Previtali, J. M. (2010). Ancient vernacular architecture: Characteristics categorization 
and energy performance evaluation. Energy and Buildings, 42(3), 357–365. 
https://doi.org/10.1016/j.enbuild.2009.10.002 

 

Reflection 
1. What is the relation between your graduation (project) topic, the studio topic (if 

applicable), your master track (A,U,BT,LA,MBE), and your master programme 
(MSc AUBS)?  
 

Phase change materials can be used in many applications to store heat and control the temperature of 
sensitive equipment. For example, it can be used in the building environment to increase the thermal 
inertia, buffer heat flow and enhance the indoor comfort of buildings without using carbon-intensive 
thermal storage systems such as concrete. The building technology track is heavily focused on 
sustainability and finding intelligent ways to improve the energy performance of existing and new 
construction. PCMs are one such strategy, and furthering the knowledge of how PCMs can be 
implemented in buildings without compromising the aesthetics and structural integrity, can influence 
how future building renovations are conducted. 

 
2. What is the relevance of your graduation work in the larger social, professional 

and scientific framework.  
 

Societal 
According to Bland et al. (2017), the awareness of PCMs and their advantages is low among the 
general public and contractors. He claims that companies developing PCM products need to do more to 
highlight their unique thermal storage characteristics, especially companies focusing on building 
applications. The lack of awareness can be solved by introducing PCM products that homeowners can 
purchase off-the-shelf in any home improvement store and install themselves without any contractor 
or power tools. Then, after seeing the benefits of lower energy bills and increased thermal comfort, 
the product and PCM can potentially be recommended among friends and neighbors. In the broad 
picture, if enough homeowners implement PCMs, a reduction in CO2 emissions will be noticed on a 
large grid scale. 

Scientific 
The project is relevant from a scientific point of view because it can further the knowledge of phase 
change materials as a thermal energy storage system in lightweight dwellings. It explores creative 
ways that phase change materials can reduce energy demand during cold and warm seasons. 
Investigate the relevance of a modular approach to PCM implementation and suitable methods to 
connect modules for space flexibility. Inform how much volume of phase change material is needed to 



make a sensible difference in a 28.8 m2 room. Finally, this research could bring awareness of 
opportunities, drawbacks, and potential risks of a modular PCM system that people with no expertise 
or previous knowledge can operate.  


