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UNiT Design Studio, P.C. (Architecture Firm)
Renewable and Sustainable Energy Institute (RASEI), A joint institute of the University of Colorado Boulder (CU-Boulder) and the National
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Activities and Findings

Research and Education Activities: (See PDF version submitted by PI at the end of the report)

Findings: (See PDF version submitted by PI at the end of the report)

Training and Development:
This project provides unique opportunities for all PIs to train 5 graduate students to work under a multi-disciplinary environment. The PIs meet
with these students on a weekly basis to discuss theoretical and practical aspects of their work.  The students not only receive improved
understanding on their own fields, and obtain hands-on experience on computation and experimental, but also acquire comprehensive
problem-solving skills for interdisciplinary projects.  Such knowledge, experience and skills are critical for students to develop successful
career in engineering science.

Outreach Activities:
We presented our work to a number of classes and regional/State seminars through the University of Colorado, Denver and the State of
Colorado Governor's Energy Office, showcasing the general concepts of passive building envelope elements as well as the specific technology.
 These include lectures, seminars and also webinars, as well as non-technical talks to various societies and media (including local news and
radio talks).  Furthermore, we have arranged lab tour and research activity demos for over 100 high school students.
 
In addition, we developed a new graduate program named BSP-EDC, Graduate Studies in Building Systems Program (BSP) with an Emphasis
in Engineering for Developing Communities (EDC), which becomes a part of the newly established Mortenson Center in Engineering for
Developing Communities at University of Colorado at Boulder http://ceae.colorado.edu/mc-edc/.  The BSP-EDC currently enrolled 9 graduate
students with 10 more students joining in the fall of 2011. The developed curriculum on Sustainable Building Design has been shared by
several Chinese and Mexican Universities. 




Annual Report: 1038305

Page 3 of 4

We also initiated a strategic collaboration plan with the Renewable and Sustainable Energy Institute (RASEI), (RASIE) (a joint institute of the
University of Colorado Boulder (CU-Boulder) and the National Renewable Energy Laboratory), with potential reach-out to NIST, NREL,
Sandia Labs, DOE. 


Journal Publications

Books or Other One-time Publications

Web/Internet Site

Other Specific Products

Product Type:

submitted journal article (under review)

Product Description:
D. Makhija, G. Pingen, R. Yang, and K. Maute. Topology optimization of multi-component flows using a multi-relaxation time lattice
Boltzmann method. Submitted to Computer and Fluids, 2011. Under review.

Z. Zhai and K. Du Mez. Curtain wall technologies and systems: review on energy implications. Submitted to Building and Environment, 2011.
Under review. 

The proof-of-concept study about in situ breath figure formation has also been submitted to publication in a peer-reviewed journal. This work,
even at preliminary stage, is significant because it provide a new processing strategy to create nano to micron sized pores in crosslinked
polymers.  Currently, such strategy does not exist.

Sharing Information:
Published by top journals in the fields.

Contributions

Contributions within Discipline: 
Major contribution in the area of polymeric materials and systems: in situ breath figure formation which provides a new processing strategy to
create nano to micron sized pores in crosslinked polymers.  Currently, such strategy does not exist. 

Major contribution in the area of design optimization: topology optimization for convective heat transport; identification of spurious pressure
and temperature diffusion.

Major contribution in building science and engineering: development of new thermal model for dynamic wall system with new materials and
structures embedded.

Major contribution in architecture: quantitative illustration of dynamic wall system and its seamless integration with the whole building design
(concepts and principles).

 

Contributions to Other Disciplines: 
The project is multi-disciplinary and results produced in each discipline are directly used to inform and improve the studies in the other areas. 
The methods and models developed above are valuable in various fields such as mechanical, civil, environmental, and architectural engineering
as well as architecture.     
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Contributions to Human Resource Development: 
Training 5 PhD students. 

Developing a new education program BSP-EDC (currently enrolled 9 graduate students with 10 more students joining in the fall 2011)
Developing curriculum in Sustainable Building Design that is shared by Chinese and Mexican Universities.

Touring research lab and demoing research activities to over 100 high school students.

Delivering technical and non-technical talks to various societies and media (including local news and radio talks).

Contributions to Resources for Research and Education: 
We developed a new graduate program named BSP-EDC, Graduate Studies in Building Systems Program (BSP) with an Emphasis in
Engineering for Developing Communities (EDC), which becomes a part of the newly established Mortenson Center in Engineering for
Developing Communities at University of Colorado at Boulder http://ceae.colorado.edu/mc-edc/.  The BSP-EDC currently enrolled 9 graduate
students with 10 more students joining in the fall of 2011. The developed curriculum on Sustainable Building Design has been shared by
several Chinese and Mexican Universities.

Contributions Beyond Science and Engineering: 
The building systems being developed allow for commercial technology and applications of the associated building systems.  These
technologies could be developed by industry and made available to building professionals.   These systems have the potential to dramatically
reduce energy and carbon emissions in building projects, dramatically reducing issues relating to energy consumption, environmental
degradation and climate change.

Conference Proceedings

Special Requirements

Special reporting requirements: None

Change in Objectives or Scope: None

Animal, Human Subjects, Biohazards: None

Categories for which nothing is reported: 
Organizational Partners

Any Journal

Any Book

Any Web/Internet Site

Any Conference



1.1 Design, synthesize and process functional hydrogels and holding materials 

Dr. Yifu Ding is responsible for developing the polymeric materials and systems that are suitable for 
using in the proposed building envelop materials. One mechanical engineering Ph.D. student, Liang 
Wang, has been recruited and working on this project.  In the past year, we have been mainly focusing 
on developing porous polymer holding materials. Such polymer has to be water-insoluable, has robust 
mechanical properties. In addition, smaller pores are desired because the wetting or capillary force of 
the water is larger for smaller pores/channels. To this end, we have been developing a novel fabrication 
process: creating micron to nanometer scale pores in cross-linked polymers via Breath Figure (BF) 
formation during the in situ polymerizations. Proof-of-concept studies were carried out. The results are 
successful (as shown in the following section).  

 

1.2 Material Integration and Optimization 

The goal of our efforts in the past year has on the development of a design optimization methodology 
for designing a channel system for transporting heat across the wall.  We have developed computational 
model for describing the convective energy transport coupling a Navier-Stokes model for the flow and 
advection-convection model for the temperature field. This computational model was embedded into a 
density-based topology optimization method describing and optimizing the overall channel layout and 
the geometry of the channel walls through the density distribution of a fictitious material. The interface 
conditions between channel and heat-conduction fluid are enforced via a Brinkman method. The 
numerical transport model and design optimization approach have been verified through benchmark 
problems and newly created test problems.  

 

1.3 Macro-Scale (Living Wall Unit): Thermal Regulation and Life-Cycle Performance 

The focus of the team in the past year has been put on studying the transient and thermal performance 
of advanced wall systems under various climatic conditions.  We have simulated typical commercial 
buildings for different climates with three prevalent building energy modeling tools (TRNSYS, EQUEST, 
Energyplus).  The most suitable tool (TRNSYS) was thus selected for the following study.  The energy 
behaviors of such buildings have been analyzed with a focus on the heat flow through the building wall 
system.  This is critical to the establishment of proper thermal regulation needs and strategies with the 
proposed living wall concepts.  We further performed a thorough technical review on curtain wall 
technologies.  The glazing façade may play an important role in the development of the living wall due 
to its potential heating and lighting functions.  We are currently developing a new building envelope 
model that can incorporate all heat and mass transfer mechanisms (including material phase change) 
through a combination of various building wall structures and materials.  With the progress of the 
project, the newly developed materials, elements, systems, and functions will be integrated and 
implemented into the new model.    

 

1.4 System-Scale: Whole Building Integration and Energy Performance  

The architectural team focused on the Macro-Scale and System-Scale functioning of the Living Wall 
within a building.  The Living Wall concept system analysis focused on the larger scale interstitial wall 



systems either on the outboard skin of a building or interior vertical space within the envelope such as 
an atrium wall. Mathematical analysis via spreadsheet formulas was developed quantifying insolation, 
material, and ventilation in stack effect applications that allows for early and schematic analysis of 
various systems into which the Living Wall would fit.  The Living Wall remains the main element of the 
interstitial wall by efficiently generating heat, then rapidly moving that heat horizontally through the 
wall.  The meta and micro-scale strategies facilitated by the hydrogels, rapidly pump and transport heat 
from the hot side of the Living Wall, allowing rapid redistribution from the hot side to the cold side both 
to the inside and outside depending on the system requirements defined by the Building Automated 
System (BAS).  

The overall focus maximizes the Living Wall’s operation during both heating and cooling loads, thereby 
creating system strategies for both passive heating and cooling.  Those strategies include directly 
utilizing heat for building heating and heat concentrating requirements as well as cooling strategies that 
augment air movement and ventilation in vertical stacks and envelopes around and throughout the 
building.  Through augmented thermal gradient stack effects on non insolated envelope exposures, 
increased air movement and resulting negative relief pressure passively ventilates the building at 10 
ACH or greater.  This high Ventilation Rate allows for ground coupled cool water heat strategies to 
supply cool air at or below 60 degrees for passive distribution throughout the structure.    

Goals and current research have focused on the Macro-Scale Living Wall system, producing an effective 
integration of the Living Wall within an interstitial wall system, the maximization of surface heat from 
insolation through material properties, the rapid and efficient transport of that heat via hydrogels into 
and out of the Living Wall’s interior matrix controlled by the BAS and an interior matrix to transport that 
heat both from and to the wall system.  Translucency of the Living Wall system remains a secondary goal 
augmenting natural daylighting opportunities through an interstitial wall whether on the building’s 
exterior or interior.      

 



2.1 Design, synthesize and process functional hydrogels and holding materials  

BF method exploits the nucleation and close-packing of water droplets, within an evaporating polymer 
solution, on solid surfaces under a humid environment. Briefly, the evaporation of the volatile solvent 
causes a local temperature drop in the concentrating polymer solution. In the presence of moisture, 
water will condense in such a cooler surface/film via a nucleation and growth process. As the remaining 
polymer solution continues to concentrate, the water droplets self-organize into well-ordered hexagonal 
honeycomb morphology. Once the polymer solution evolves into a gel-like state, the honeycomb 
structure is then entrapped. Finally, the polymer vitrifies completely, and a polymer film containing 
honeycomb pores is thus obtained after the removal of entrapped water droplets. So far, BF formation 
has been only achieved in synthetic polymers. Here we explore whether BF formation can be achieved 
during in situ crosslinking of polymers. If so, we can use this to directly create porous polymer networks, 
which are mechanically robust and tolerant to solvents.  

 

 

Figure 2.1.1 Scheme of the experimental setup for the proposed in-situ synthesis/assembly strategy for 
creating pores in network polymers. 

 

The schematics of this our new process is shown in Fig. 1. This process was carried out in a home-built 
reaction chamber (Fig. 1), designed to meet all the requirements for both the free-radical 
polymerization used to crosslink the polymer and BF formation. The chamber is consisted in a closed 
aluminum box containing a gas inlet and outlet, with a 2 mm sliding glass sheet on the top. The cover 
top had a small hole to allow the injection of the monomer solution and could slide aside to fully cover 
the box. N2 was used to purge out most of the oxygen, which is known to be detrimental for the free 
radical polymerizations. The flow of gas was controlled by a flow-meter and a three ways valve which 
allow either drive the N2 directly to the chamber or through a gas bubbler (to saturate with water vapor) 
to the chamber. Such design allows selectively purge dry or moist N2 into the chamber during the UV 
exposure. Correspondingly, N2 flow rates between 0.8 and 1.6 l/min were used for SMP solution and 5 
l/min for the NOA 65 solution. To help planarizing the evaporating/crosslinking solution, a low profile 
rotating fan was mounted at the bottom of the chamber, whose speed was controlled by varying the 
supplying voltage (between 3 and 5V). The in-situ polymerization of both systems during BF formation 
was initiated with a long wave Ultraviolet lamp (Black-Ray, B-100AP), which was set at ca 5 cm from the 
top sample surface. The UV energy density at the surface of the samples was 6 mW/cm2, determined by 
a radiometer. The UV exposure was set to 15 min to ensure the complete evaporation of the solvent and 
cross-link of the monomers.  



The first reacting system that we examine was an acrylate-based system. The monomer solution was 
prepared by mixing tert-Butyl Acrylate (TBA, 98%, Sigma, used as received) and Tetraethylene Glycol 
Dimethacrylate (TGDMA, 99%, Polysciences Inc. used as received) in a ratio of 80/20 w/w. The 
subsequent crosslinking of these monomers were carried out by UV-induced free radical polymerization, 
with 0.2% w/w 2,2-Dimethoxy-2-phenyl-acetophenone (99%, Aldrich) as the photo-initiator. The 
reactive monomer mixtures were then dissolved in chloroform (spectroscopic grade, Sigma Aldrich, used 
as received) with volume fraction ranging from 5% to 30% v/v and mixed by means of a vortex mixer 
until complete dissolution. Four different processing conditions were examined, as listed in Table 1,  

 

Table 2.1.1 Processing parameters for samples displayed successful BF formation 

  

 

sample 

flow rate, 

l/min 

initial 
spin, 

2 s 

pre-polymerization 
under dry N2, 

(min) 

polymerization 
under moist N2, 

(min) 

post-polymerization 
under dry N2, 

(min) 

TBA-
TEGDMA 

A 1.6 √ 0 15’ 0 

B 1.6 √ 2 13' 0 

C 1.6 √ 0 1' 14 

D 0.8 √ 0 2' 13 

 

For this system, concentration of monomers in chloroform of 20% v/v was found to be optimal for the 
BF formation. PET film (~200 µm thick) was chosen as the casting solid substrate, instead of cover glass. 
The monomer solution showed complete spreading (wetting) on the cover glass, not allowing good 
control over the volumes of solution involved in the reaction. On the PET film, instead, the deposited 
drops of the monomer solution showed limited spreading (wetting). The optimal spreading of the 
monomer solution was obtained simply by spinning the sample for a short time before the initiation of 
the reaction. The spinning rate of 100-200 RPM was used by adjusting the controlling voltage (3-5 V), 
and the rotation time was set to 2 seconds. In this way, we were able to increase the homogeneity of 
the liquid surface without significantly reducing the thickness of the final BF-structured SMP film.  

For the acrylate-based SMP system, the controlled exposure of the monomer solution to either moist or 
dry N2 at different stages of the polymerization was examined, and 4 such samples (A-D) obtained with 
different procedures are listed in Table 1. Figure 2 presents the typical SEM images for sample A. The 
SEM images reveal relatively homogeneous distribution of the holes (after removing the water) in term 
of both shape and size. Most holes appear square-like in shape, with a circularity f= 0.79 ± 0.09 (defined 
as, f= 4π(area/perimeter2)). Their average diameters equal to 8.1 ± 1.3 µm, with a perimeter equal to 
25.4 ± 4.0 µm. Apparently, the size of these holes is still pretty large, probably due to the contemporary 
growth of the drops and the polymers chains, which leads to appreciable coalescence of smaller drops 
before the system gels or vitrifies. Overall, the holes tend to pack in honeycomb structure, as shown by 
the FFT image (Figure 2e). In addition, BF induced holes cover 60.0% of the film surface and thickness of 



the cell walls between neighboring droplets is equal to 1.4 ± 0.3 µm. Note that this study is the first to 
show BF formation during in situ crosslinking reactions.  

 

 

Figure 2.1.2 SEM images of the porous crosslinked polymer film, obtained after completely remove the 
water droplets. Left and right images are with different magnifications. 

 

Successful breath figure formations were also achieve for all four samples listed in Table 1, and the 
geometric parameters extracted from the image analysis of all the samples, as discussed below, are 
summarized in Table 2. Principally, to increase the volume fraction of the water droplets and/or their 
packing, a pre-polymerization time seems needed. Detailed systematical studies explore the correlations 
between the pore structures and the processing conditions are currently underway.  

 

Table 2.1.2 Statistical analysis on the SEM pictures 

 

sample 

circularity diameter, 

µm 

perimeter, 

µm 

wall thickness, 

µm 

surface 
coverage 

A 0.79 ± 0.09 8.1 ± 1.3 25.4 ± 4.0 1.4 ± 0.3 60.0% 

B 0.64 ± 0.13 8.5 ± 2.2 26.7 ± 7.0 1.1 ± 0.2 68.3% 

C* 0.87 ± 0.05 9.7 ± 1.9 30.6 ± 5.9 3.3 ± 1.4 45.8% 

D 0.91 ± 0.09 1.6 ± 0.4 5.1 ± 1.3 1.2 ± 0.5 32.9% 

NOA65 0.90 ± 0.3 1.15 ± 0.17 3.6 ± 0.5 0.8 ± 0.1 27.2% 

*after excluding holes with diameter smaller than 6 µm. 

 

One of the problems for the TBA-TEGDMA system is that the free-radical polymerization, although 
efficient, requires non-oxygen conditions. Even small traces of oxygen will hinder the formation of the 
BFs.  To address this issue, we examined another reacting system that relies on the thiol-ene reaction 



which is highly tolerant to the presence of the oxygen. Moreover, the reaction kinetics for the thiol-ene 
system is faster than the TBA-TEGDMA system. The whole process of the in-situ BF formation takes only 
3 min to complete, compared to 15 min for the TBA-TEGMDA system. A commercial optical resin, NOA 
65, was used, which crosslinks through the thiol-ene mechanism. The resulting BF images are shown in 
Fig. 3. Due to the fast reaction, the pores formed due to the BF are much smaller (~ 1 µm) than the TBA-
TEGDMA, and the circularity is high (0.9). Both facts suggest that no significant coalescence has occurred 
during the process.  

 

 

Figure 2.1.3 Porous structures template in a Thiol-ene system (NOA 65), showing micron-sized pores. 

 

To summary, we have demonstrated that we can use BF formation during in situ crosslinking of 
polymers, to fabricate porous polymer networks. Such films can be potentially used for building envelop 
materials. We are now systematically investigating the formation mechanism, control over the process, 
applicability to other reacting systems, and mechanical properties of the obtained films. 

 

2.2 Material Integration and Optimization  

Our numerical studies on optimizing channel layouts and geometries for maximizing the energy 
transport efficiency have shown that the developed optimization approach yields overall satisfactory 
results. However the accuracy of the simulation model suffers from shortcoming of the density 
approach, in particular the enforcement of the interface conditions along the channel walls via the 
Brinkman conditions.  As the Brinkman penalization only operates on the velocities spurious diffusion of 
pressure and temperature may lead to errors in the flow and temperature field predictions. To 
overcome these issues we are currently developing a new optimization method using the extended 
finite element method to discretize the governing equations and a stabilized Lagrange multiplier method 
to enforce the interface conditions.   

 

2.3 Macro-Scale (Living Wall Unit): Thermal Regulation and Life-Cycle Performance 

To understand the role of building envelope in overall building energy consumption (via either heat loss 
or heat gain), we simulated a set of typical building types under various climate conditions. As an 
example, Figure 2.4.1 shows such a distribution in a hot and dry climate – Phoenix, AZ. It is revealed that 



building envelope system accounts for about 59% heat gain to in the cooling season (summer) and 100% 
heat loss in the heating season (winter). This is potential that the proposed living wall system may be 
able to improve or reserve the energy.  

 

 

 

 

 

 

 

 

 

(a) Summer     (b) Winter 

Figure 2.3.1 Distribution of heat gain and loss in a typical commercial building in Phoenix, AZ 

 

Several efforts have been focused to move the project forward:  

(1) Reviewed the state-of-the-art of building façade system with a particular interest in high-rise building 
with glazing or curtain wall system. For high-rise buildings, the façade design is crucial to the energy 
performance of the building. Curtain wall technology has allowed buildings to achieve heights and 
silhouettes that are more impressive than ever. Glazing technology, natural ventilation strategies, and 
new HVAC methods have made the energy efficiency potential of these glazed façades higher than ever. 
Widespread implementation of these measures could result in a large reduction in annual energy 
consumption worldwide.  

(2) Based on the review (1), we are developing the new performance indicators that can be used to 
quantitatively evaluate the energy, thermal and lighting performance of curtain wall system, which are 
critical for other project partners to develop new building materials and systems. 

(3) Reviewed the state-of-the-art of building wall system modeling with a focus on dynamic wall 
behavior prediction including thermal storage. The review summarizes various existing and advanced 
models and indicates that no model exists yet that can predict the transient behaviors of the proposed 
living wall system.  

(4) Upon the findings in review (3), we are developing the frame of the new model that can be used to 
integrate and implement the new material, component and systems developed during the project.  

 

  



2.4 System-Scale: Whole Building Integration and Energy Performance 

The Living Wall System is developed as an integral part of an Interstitial Wall system for multi-story 
commercial and also residential building solutions.  The Living Wall reacts to the building’s external 
environment and climatic opportunities, driven by solar exposure and air temperature/wind.  This 
multiple wall system consists of an exterior layer of high tech materials consisting of smart glazing with 
multiple high tech coatings.  This outer curtain wall acts like a greenhouse trapping solar energy inside a 
thermal chimney.  The rising heat developed within the interstitial creates not only excess heat, but also 
ventilating negative pressure, collected into the building’s central heat collection system and regulated 
by BAS Building Automated Systems.  

The Living Skin as the inner interstitial wall is a multi layered heat and light exchanging wall panel that 
rapidly transmits this excess thermal heat via the hydrogel into a central PCM and capillary matrix layer.  
This heat is drawn off to the BAS controlled central system for use elsewhere in the building.  The inner 
layer of the Living Wall creates an insulation layer to prevent excess heat from overheating perimeter 
spaces.  The entire Living Wall System remains translucent while producing ultra efficient and rapid heat 
exchange. The entire system will run in reverse, “seeding” the upper half of a non solar cool wall with 
excess heat, facilitating the thermal uplift of the interstitial air column via an expanded temperature 
gradient, providing ventilating air movement.  We believe the entire system will provide enough heat, 
cooling, ventilation and light for a completely passive ZNEB, Zero Net Energy Building.      

The following images illustrate the whole building, interstitial and Macro-Scale concepts.  The process 
has included mathematical modeling, CAD, digital modeling programs analyzing the initial concepts.  
Future work will include similar analysis with an emphasis on digital 3D modeling as well as CFD 
programs to quantify the air movement patterns and volume inside an interstitial wall system and 
throughout a prototypical building. 

 

  



 

Figure 2.4.1 Living wall & interstitial wall concept 

 



 

Figure 2.4.2 Living wall heating scheme 

 



 

Figure 2.4.3 Living wall cooling scheme 

 

 


