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Abstract

Heating and Treating Water with Sunlight: Solar Photocatalytic Thermal Systems for a
Sustainable Built Environment

by
Vivek Rao
Doctor of Philosophy in Mechanical Engineering
University of California, Berkeley

Professor Slawomir Hermanowicz, Co-Chair
Professor Alice Agogino, Co-Chair

Global water scarcity will be a defining challenge of the coming decades, with 2.5 billion
of the world’s population expected to live under water stress by 2050. Scarcity, and the
accelerating factors of the food-energy-water nexus, population growth, and climate
change will converge on the built environment, where buildings account for an estimated
25% of water use and 40% of energy use globally. Urban water re-use presents a
promising opportunity to manage this crisis. However, current efforts to realize water
reuse are generally capital-intensive, owing to centralization of recycling plants, or
problematic for the food-energy-water nexus, as decentralized or building-scale plants
employ recycling technologies that are energy-intensive. This dissertation presents my
research to use sunlight to heat and treat domestic greywater in building facades. I
propose a synergistic solar photocatalytic greywater recycling and solar thermal heating
system in an envelope easily integrable into facades, enabling water re-use and energy
savings at the building scale. To support this proposal, my dissertation explores
greywater quality and properties, basic solar photocatalytic reactor design, and
simultaneous solar photocatalytic reaction and solar thermal collection. Together, these
research pursuits develop a foundation of knowledge to support the realization of new
energy-offsetting and water-recycling systems at the building scale.

In Chapter 2, | describe research to understand the input, greywater, and its poorly-
understand optical parameters that are essential to understand for any photodependent
treatment process. | show that greywater absorbs heavily in the UVA/B range, a
characteristic modeled by few currently-published synthetic greywater formulations, and
that the absorbance is correlated to relatively high chemical oxygen demand (COD) and
soluble COD. These results indicate that as UV-based methods for water recycling gain
traction, careful consideration of the inherent absorbance of the greywater matrix must be
accounted for in system design.



In Chapter 3, | explore the underlying treatment process proposed, solar photocatalysis
via titanium dioxide, and characterize it for a simple inclined plate reactor system. I
report that inclined plate photocatalytic reactors under simulated solar light show
performance that is primarily governed by light intensity and light capture, rather than
hydrodynamics and mass transfer, even when the two are coupled through system design
parameters (e.g., inclination angle). This result is in agreement with previous literature on
UV-driven inclined plate reactors, and offers new insight as to the operation of solar
photocatalysis under low-UV and laminar or transitionary Reynolds number regimes.

In Chapter 4, | explore how the basics of the inclined plate reactor can be scaled up to a
design relevant for building facades, and propose, fabricate, and characterize the
Vertically Integrated Multistep (VIMS) reactor. Under real solar conditions in Berkeley,
CA, | show that the VIMS system effectively decolorizes methylene blue in a westward-
facing afternoon sun condition. Based on volumetric performance modeling, | suggest
that the VIMS system can, at a 9m?-scale, treat up to 60L of greywater per day, although
these results are substantially reduced under limited solar intensity, e.g., cloudy
conditions.

In Chapter 5, I show how integration of solar photocatalytic systems, including VIMS
and a simple flate-plate fagade collector, can couple with simultaneous solar thermal gain
to yield a multifunctional system. This research represents, to my knowledge, the first
reported simultaneous solar photocatalytic water treatment and solar thermal gain system.
Under simulated solar conditions, | experimentally demonstrate that ASHRAE measures
of solar thermal collector efficiency and photocatalytic reaction performance are opposed
to each other in multifunctional systems. However, given the relatively warm
temperatures of greywater entering the system in real-world application, I suggest that
significant promise exists for high solar photocatalyic treatment performance.

These results indicate that buildings and their facades present a promising platform to
offset water scarcity through re-use, and point to further research in multifunctional
facade-integrated systems to realize sustainability in urban energy and water.
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1. Introduction
1.1 Motivation & Research Opportunity

Provision of sustainable, adequate water supplies will be a defining challenge of the 21
century [1]. Two-thirds of the world’s population currently experiences water scarcity at
least one month out of the year [2], and by 2030, global water demand is expected to
exceed readily available supply (as quantified in 2009) by more than 40% [3]. If current
efforts to reconcile this gap continue unabated — through groundwater pumping,
increasing withdrawals from existing reservoirs, and other approaches — ecosystems will
suffer severe damage [4]. While the vast majority of global water withdrawals — more
than 70% - are related to agriculture, proportions used in industrial (~19%) and domestic
and sanitation applications (~10%) are expected to expand significantly [5], and the
smaller quantity of water used for domestic applications and sanitation is crucial for
public health and human comfort [6].

These projections are driven by a range of forces as complex as water systems
themselves. However, water scarcity will be particularly exacerbated by three factors that
uniquely converge on water resources and human society: climate change and the energy-
water nexus; rapid urbanization and further expansion of cities; and legacy approaches to
infrastructure.

Climate change will affect both the supply and energy demand of water. Climate change
is likely to put increased strains on water resources [7], which will impact urban areas in
terms of water supply [8]. Besides the immediate concern of diminished accessible water
supply, climate change will require reconsideration of the energy embodied in water, as
80% of global energy is produced via combustion of greenhouse gas-producing fossil
fuels [9]. For example, by the time of its end-use in urban domestic environments in the
United States, water has embodied energy of 15400 MJ/person/year across the pre-
consumption, use, and post-consumption stages [10]. While significant energy use is
associated with transport (primarily pumping) and wastewater treatment (primarily
aerobic biological treatment) [11], more than 70% of embodied energy in urban water is
attributable to water heating in the US [10]. In many regions of the world, the
interdependence of water and energy is particularly extreme, with substantial embodied
due to treatment or transport costs: in the United Arab Emirates, seawater desalination
can account for more than 20% of the nation’s electricity demand [12], while in
California, approximately 19% of the state’s electricity is involved in water systems, with
up to 3% of the state’s power dedicated to move water from Northern California to the
Los Angeles area via the State Water Project alone [13]. The large embodied energy of
urban water, owing to heating and the often highly intensive treatment and transport of
water supply, are one aspect of the energy-water nexus [14] that will exacerbate existing
issues of water scarcity.



Second, rapid, continued urban population growth will yield greater stresses on water
resources [15]. A study of large cities in Africa and Asia projected an increase in the
number of urban residents anticipated to experience by water scarcity by 2050 by a factor
of 5 and 10, respectively [16]. This is driven by the combined effect of increased water
withdrawals, owing to population growth, and climate change on existing water
resources.

Third, the dominant paradigm on water infrastructure is ill-suited to meet the current
range of water challenges facing the urban population. For example, large-scale
infrastructure, such as dams and centralized treatment systems, what Peter Gleick calls
‘the hard path’ [17], may not account for complex social and environmental issues to
come, compromising intended results [18] [19]. While many studies on the topic examine
dams, much of today’s water infrastructure and approach to water development reflects
insufficient consideration for conditions of scarcity, population and climate change [20].

However, each of these exacerbating forces can be re-framed as opportunities for
impactful innovation (Fig 1.1). This framing is cause for optimism about the future of
water resources.

To re-frame climate change and the energy-water nexus as opportunities, a paradigm of
minimizing the energy demand of water and maximizing the value of energy spent on
water can be adopted. Decentralized water treatment and supply in urban environments
can help offset significant amounts of energy involved in transport and conveyance of
water [21]. Similarly, the use of solar and other renewable energy sources to power water
supply and treatment [22], and solar energy to heat water before use [23] are established
approaches that promise to minimize the greenhouse gas impact of water supply. To
maximize the value of energy embodied in water, wastewater can be broadly viewed as a
resource. First, wastewater recycling promises to provide water for a fraction of the
energy used for desalination [24]. If only greywater is recycled (see Section 2.1), 10-25%
of urban water demand could be satisfied by nonpotable reuse [25]. Second, heat in
wastewater can be collected to offset energy demand at local or building scales [26], an
approach commercially implemented in sewers [27] and showers [28]. Thus, by
embracing the energy demand of water as an opportunity, decentralized water treatment,
renewable energy, and harvesting wastewater for its thermal and resource properties can
be more readily realized.

Urban population growth and corresponding development can also be re-framed as an
opportunity to develop cities responsibly and institute responsible water management
practices. Careful consideration of urban design, governance, and user behavior can help
cities manage water demand and resources proactively [29], [30]. For example,
progressive approaches to urban water governance enabled both Singapore and
Windhoek, Namibia to offset roughly one-quarter of their water needs with recycled
wastewater [31]. In the United States, San Francisco implemented a building-scale
recycled water ordinance to advance the city towards a vision of district-scale water reuse
[32]. These examples and methods illustrate that achieving simultaneous urban growth



and sustainable water use is possible with proactive governance, design, and
collaboration.
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Figure 1.1. A drivers and opportunities framework maps how the condition
of water and energy scarcity (a), articulated around current approaches to
resources, implementation, and development, is exacerbated by legacy
infrastructure, climate change and the energy-water nexus, and urban population
growth. This condition can be re-envisioned into a framework around scarcity as
opportunity (b), in which science and technology, design, and new paradigms of
agency to both infrastructure and end users enable realization of “soft path”
infrastructure, wastewater as a resource, and planned growth. Together, this re-
frame views water and energy scarcity as an opportunity for innovation. This
dissertation explores one possible pathway to explore the emergent opportunity
around water and energy in the context of scarcity.

Finally, while legacy thinking about centralized, ‘hard path’ infrastructure
dominates, it clearly points to an opportunity for more sustainable water
infrastructure, what Gleick calls ‘the soft path’ [17]. The soft path is characterized
by community-scale systems operating in complement to existing centralized
water infrastructure. Such systems are supported by equitable water markets and
decision making, and a suite of water efficiency interventions. David Sedlak
extends on this concept with his Water 4.0 framework [33], which champions a
portfolio of infrastructural and efficiency interventions ranging from greywater
reuse to smart irrigation systems to stormwater management and reclamation.
While both Gleick and Sedlak readily admit that the paradigm will be challenging



to realize, together, their arguments present a paradigm to approach the future as
one of opportunity rather than abject crisis.

Inspired by the soft path and Water 4.0 approaches, this work fully embraces the reframe
of urban water scarcity into an opportunity for research and innovation. Here, | describe
the conception, design, and characterization of a building-integrated system to heat and
treat greywater using sunlight. The system is powered by sunlight to minimize energy
inputs, and uses wastewater as a water and thermal resource at the building scale, to
maximize the value of energy invested in urban water. This work seeks to establish
hybrid water- and energy-harvesting systems as a viable technology to help resolve urban
water scarcity.

1.2 Structure of this Document

In the subsequent chapters, the key underlying challenges in realizing the proposed
system will be addressed. This dissertation is presented as four chapters representing
several research thrusts that establish knowledge essential to the realization of onsite
greywater recycling systems in the built environment. Although each chapter draws on
substantially different research methods, experimental setups, and disciplinary
backgrounds, they are interdependent in that the findings from each chapter inform the
others. Thus, while each chapter is closely connected to the previously and subsequently
presented work, it is framed as an independent contribution to allow for discrete
engagement with its specific methods and background.

First, in Chapter 2, the nature of greywater to be considered in treatment is discussed,
with a focus on the challenges inherent in its composition, specifically, unknown optical
properties.

Next, in Chapter 3, the fundamental issues surrounding photocatalytic reactor design are
considered, namely, the relationship between important design parameters and overall
reaction performance under solar conditions. This relationship is explored using the
inclined plate reactor as a model system.

In Chapter 4, the baseline system of the solar photocatalytic inclined plate reactor system
is multiplexed to realize a building-facade integrated water recycling system. The
proposed design, the Vertically Integrated Multistep (VIMS) system, is designed,
fabricated, and characterized under real sunlight conditions.

In Chapter 5, a hybrid solar photocatalytic treatment and solar thermal gain system is
designed to interface with a building fagade. As of this writing, this is the first system to
characterize the relationship between photocatalytic oxidation performance and solar
thermal collector efficiency. Laboratory- and sub-pilot scale systems are fabricated and
characterized under real and simulated solar conditions.



2. Survey and Optochemical Characterization of
Real and Synthetic Greywaters

2.1. Introduction
2.1.1. Definition, Quantity, and Characteristics of Greywater

Greywater is water that originates from sinks, showers, and laundry in the domestic
environment — in short, anything that does not come into contact with sewage or toilet
waste. It represents between 46% [34] to greater than 90%, if vacuum-based toilets are
employed [35], of all domestic wastewater effluent (Figure 2.1). Greywater is also further
classified into ‘light’ or ‘low strength’ — originating from showers, sinks, and baths only
—and ‘heavy’ or ‘high strength’ — which includes greywater from laundry, kitchens, and
other sources. This classification helps distinguish greywater heavy with biological
matter from greywater with relatively little biological content.

The actual quantity of greywater available depends on local water infrastructure (e.g.,
piped water versus a community well) and water use behaviors, and can vary between 20-
30 liters per person per day (LPD) in low-income regions (e.g., rural Mali) and 100-220
LPD in high-income regions (e.g. urban Switzerland) [36]. A recent report indicated that
in the United States, greywater quantities were between 127-151 LPD [37]. This thesis
focuses primarily upon high-income urban environments, because much of the published
work in the field converges on the resource needs of these regions, and the thrust of this
scholarship is at the intersection of new technologies and the urban built environment.
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Figure 2.1. Potential Reclaimable Greywater, by Source [38]-[40]

Regardless of region, the quantity of greywater represents significant water resource with
great potential for assuaging local water demand; using recycled greywater for toilet
flushing applications alone could reduce water consumption by 40-60 LPD [39]. This,
combined with its relatively low organic loading levels (greywater typically has roughly
50% of the chemical oxygen demand (COD) of sewage [35]), makes greywater an
attractive target for water recycling technologies.

Greywater’s high variability in chemical and biological composition has been widely
reported. Beyond significant heterogeneity in water quality by location, greywater
characteristics have been shown to vary significantly across a single day [41], owing to
differences in sources of residential greywater production. Greywater composition can be
considered first in terms of traditional water quality indicators (Table 2.1), and by these
parameters, greywater exhibits a significant range; for example, BOD can vary by an
order of magnitude [42] [43] [40]. Should recycled greywater be used solely for
environmental applications, such as irrigation, a careful understanding of these
parameters, along with mineral content, could suffice to meet re-use standards (see 2.2.2).



Mixed Greywater
pH 6.3-8.1
Total Suspended Solids (TSS) 95183
(mg/L)
Turbidity
(NTU) 29-375
Chemical Oxygen Demand (COD) 100-700
(mg/L)
Biochemical Oxygen Demand (BOD) 47-466
(mg/L)
Total Kjeldahl Nitrogen (TKN) 17343
(mg/L) C
Total Phosphorous (TP) 0.11-22.8
(mg/L) ' '
Total Coliforms (CFU/100mL) 56-8.03E7
Fecal Coliforms
(CFU/100mL) -1-1.5E8

Table 2.1: Characteristics of Greywater (Adapted from [42]).

However, because domestic nonpotable applications for recycled greywater, such as toilet
flushing and laundry applications, are very promising, careful consideration of human
health risks from micropollutants and emerging contaminants is crucial, especially if on-
site recycling is to be realized. Based on the content of personal care products, detergents,
and other household chemicals, nearly 900 xeniobiotic organic compounds (XOC’s) have
been identified as possibly resident in greywater [43]; further screening studies reported
detecting more than 190 compounds via gas chromatography mass spectrometry (GC-
MS), including many, such as illicit drugs and pesticides, that did not originate from
commercial products [44]. A subsequent analysis of the human health risks originating
from 280 compounds contained in greywater indicated that while lifetime exposure risk
to these chemicals was insignificant, 14 chemicals were of concern for potential potable
water use [45]. The authors suggested triple-barrier treatment process involving a
membrane bioreactor (MBR), ozone-based advanced oxidation process (AOP), and



activated carbon adsorption (AC), which has been reported to effectively manage the
breakdown of detected micropollutants [46].

Greywater thus represents a significant water resource with great potential to reduce the
water needs of the urban environment. However, it is characterized by highly
heterogeneous chemical and biological composition, and particular concern exists around
micropollutants that could pose health risks. Thus, careful design of treatment processes
is essential if decentralized greywater recycling is to be realized.

2.1.2. Standards and Current Treatment Processes Applicable to Greywater

Much of recycled greywater finds re-use in toilet-flushing and irrigation/gardening [47],
and despite these being nonpotable applications, stringent standards governing such
nonpotable reuse (NPR) exist. United States EPA Guidelines suggest below limit-of-
detection quantity of fecal coliforms (0 CFU / 100mL) and < 10mg/L biological oxygen
demand (BODs) for unrestricted usage; however, actual implemented policies vary
widely between states [48]. Among implemented standards, some of the most stringent
exist in California, where Title 22 requires a total coliform count of < 2.2 CFU / 100 mL
and a demonstrated 5-log reduction in poliovirus or chlorine CT times of (450 mg/L)-min
(USEPA, 2004) [49] exhibited by the treatment process. It is important to note that
current US NPR standards do not account for micropollutant content. Treatment
technologies intending to recycle greywater must satisfy these criteria.

A range of technologies exist to treat greywater, following the heterogeneity of both
greywater quality and reuse standards. Many technologies been proposed and
characterized in the academic literature, and several commercialized systems are
operational and online. Solutions have ranged from constructed wetlands [50] to
nanofiltration [51], and the range of greywater treatment technologies has been covered
in excellent detail elsewhere [42] [40]. In addition to various treatment technologies,
solutions also include incorporating other water sources, such as rainwater [52], and
involving novel process control methods such as model-predictive control [53] to govern
system operation. For building-integrated technologies, where footprint and simplicity of
operation are crucial, MBR and multi-stage treatment processes have established
themselves as the most promising candidates for on-site greywater treatment, and the
majority commercially-installed systems involve either process [54].

MBR’s have achieved popularity for their combination of physical and biological
processes into a relatively small footprint [41], while multi-stage systems ensure
compliance with NPR disinfection guidelines. MBR’s have been shown to effectively
treat greywater to compliance with a variety of countries’ standards at a variety of scales:
at the 600-L scale to treat household greywater to compliance with Turkish standards
[55], to the 3 m3-scale to treat selected shower greywater from a 441-room room hotel to
meet Spanish water re-use requirements [56]. Multistage systems involve essentially
miniaturizing water treatment trains to involve primary, secondary, and tertiary treatment
in a single module, and may include an MBR as an intermediate process. Installations in



San Francisco, California, and Pittsburgh, PA, use the Aquacell G20 system, which
begins with screening for solids removal, followed by an MBR, and subsequently
ultrafiltration, UV-disinfection, and chlorination [57] [58]. Other non-commercialized
systems proposed in the literature follow a similar design, albeit with different biological
treatment and disinfection technologies [39] [46] [59].

A key limitation of existing water recycling technology lies in the significant energy
demand of MBR operation. Owing to aeration and membrane scouring, which can be as
high as 6-7 kWh / m3 for systems operating in the 1000 gallons-per-day (gpd) [~ 4
md/day] range; energy demand falls with increasing system size, and the specific energy
demand for treatment is nearly an order of magnitude lower for 100000 gpd [~400
m3/day] MBRs [21]. However, most building-scale applications for greywater recycling
are typically much smaller, and thus do not enjoy such economy of scale: for example, an
installed greywater treatment system at 181 Fremont in San Francisco, California, has a
design capacity of 5000 gpd [~20 m®/day], for a 42600 ft> [4000 m?] building [60], while
of systems surveyed across the US, none exceeded 50000 gpd [200 m®/day] [54]. Thus,
the promise and effectiveness of leading greywater recycling systems is constrained by
their energy demand.

Recent work has suggested that a significantly streamlined treatment process could
achieve NPR standards [61]. In this work, researchers studied ‘light greywater’
originating from showers and sinks, and then filtered greywater through a 10um filter.
Subsequently, greywater was subject to UV disinfection, which the authors determined to
be the most cost-effective disinfection process. The researchers demonstrated that
effluent from the system was in compliance with California Title 22 regulations. Thus, by
targeting a specific category of greywater, which forms the majority of greywater effluent
(Figure 2.1), the researchers were able to meet NPR standards solely with tertiary
treatment following a basic filtration step. Considering the high energy cost of operating
a multi-stage system, filtration followed by disinfection schemes are highly appealing.

2.1.3. Optical Properties of Greywater and Synthetic Greywater

Given that many possible tertiary and advanced treatment processes are light-driven, such
as UV, UV/H20,, and UV-TiOy, a careful understanding of the optical properties of
greywater is necessary. Even at low turbidity levels, filtered water can attenuate light via
scattering and absorption [62] to compromise the delivery of sufficient fluence for
effective treatment. A clear relationship between turbidity and reduction in effective UV
dose has been demonstrated for raw drinking water: waters with a turbidity range of 1 —
10 NTU decreased effective UV dose by 5-33% respectively, although the exact effects
and mechanism of particle size remains unclear [63]. Among the light driven processes,
UV-TiO advanced oxidation is particularly promising because of its potential to be
powered by sunlight, and thus, to resolve much of the energy demand issues of onsite
treatment.



Limited understanding of greywater’s optical properties exists in literature. Work has
been done to examine the effect of particulate shielding of microorganisms in greywater
on UV photolysis, but no systematic examination of attenuation was reported [64].
Specific to advanced oxidation processes, a study treating hotel greywater with UV/TiO2
via a UV-C lamp and suspended TiO2 nanoparticles reported a 65% decrease in dissolved
organic carbon (DOC) [65], while another study reported UV-C/H,0> treatment of real
greywaters yielded 87% COD reduction [66]. Both studies indicate that advanced
oxidation can effectively treat greywater, but neither considers the effect of optical
properties on overall treatment performance. In addition, both studies use greywaters of
significantly different characteristics, making it difficult to compare performance.

In this effort, existing synthetic greywater formulations — that is, formulations for
greywater consisting of laboratory reagents, and thus, repeatable — are studied to
understand their optical properties. Three studies, by Fenner [64], Hourlier [51], and
Surendran [67], provided a clear rationale for their synthetic greywater formulation and
detailed discussion of the formulations’ constituent parts. By identifying the optical
profile of these synthetic greywaters, and comparing these profiles to real greywater, the
synthetic greywaters that optically model real greywater closely are identified, and thus,
the formulations that should be used to characterize light-dependent treatment processes
can be revealed.

2.3. Materials and Methods
Synthetic Greywater Sample Preparation

Constituents of each synthetic greywater formulation (Table 2.1) were laboratory grade
reagents (Sigma-Aldrich) unless otherwise specified. For each synthetic greywater,
constituents were added to 2L of deionized water, and were magnetically stirred for two
hours. Between experiments, samples were stored in a refrigerator (4° C), and were
magnetically stirred prior to re-use to re-suspend any settled solids. A preparation of
Surendran’s synthetic greywater formulation was altered to omit cooking oil and
shampoo, as light greywater precludes kitchen effluent, and the authors were not specific
about what type of shampoo was used in their formulation; the original formulation was
also prepared using vegetable oil (Crisco), and shampoo (Dove).

Each synthetic recipe called for some proxy for microbiological load, either as settled
sewage (Surendran), E. coli culture (Fenner), or septic effluent (Hourlier). As this study
did not focus on biological analyses, and the influence of the small quantities of these
proxies (10mL/L) on chemical properties was deemed insignificant, these constituents
were not included in the greywater formulations below.

Real Greywater Sample Collection

To recreate domestic light greywater, 48 volunteers at the University of California,
Berkeley, were instructed to wash their hands in a modified sink with effluent capture
using Dial Soap, the second most-widely used liquid handsoap in the U.S. [68]. The
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resulting greywater was completely mixed with a paddle mixer, and 2L was sampled and
kept refrigerated between experiments. Samples were magnetically stirred prior to re-use
to re-suspend any settled solids.

Analytical Methods
UV-Vis-NIR Spectrophotometry

Full spectrum scans were conducted using a spectrophotometer (HACH DR 5000, HACH
Company, Loveland, CO) with a wavelength range of 200 — 1100 nm. 10mL samples
were taken and loaded into a quartz-glass cell with path length 2.54cm. Three filtered
samples were run and results averaged.

Water Quality Analysis

Colorimetric analysis was used to study key water quality parameters using a
spectrophotometer (HACH DR 2400). COD was quantified using HACH Methods
(Method #8000), and triplicate samples were taken and averaged. Nitrate, nitrite, and
ammonia were quantified using HACH Methods (#8039), (#8153), and (#10031),
respectively, with single samples.

Filtration

Filtration of samples was conducted using a 50mL syringe with a 0.450 micrometer
syringe filter. Soluble COD (SCOD) was taken as the COD value for the filtrate, while
COD refers to the raw greywater’s value.
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Fenner

Surendran

Hourlier

Dextrin (mg/L)

85

85

Ammonium
Chloride (mg/L)

75

75

Yeast Extract
(mg/L)

70

70

Soluble Starch
(mg/L)

55

55

Sodium Carbonate
(mg/L)

55

55

70

Washing Powder
(mg/L)

30

Sodium
Dihydrogen
Phosphate (mg/L)

115

115

Potassium Sulfate
(mg/L)

4.5

Potassium
Phosphate (mg/L)

4.5

Shampoo (mL/L)

A*

Cooking oil (mL/L)

A*

Sodium dodecyl
Sulfate (mg/L)

10

50

Lactic Acid (mg/L)

100

Cellulose (mg/L)

100

Glycerol (mg/L)

200

Sodium Sulfate
(mg/L)

50

Table 2.2. Synthetic Greywater Compositions. *A preparation of Surendran’s
greywater omitting these components was prepared, as well.
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2.3. Results
Water Quality Parameters

Water quality parameter studies align closely with published literature (Table 2.2) —
synthetic formulations fall within the ranges specified in their original studies, while real
greywater falls into the broad range of values described for greywater. It is clear that the
Surendran formulations — the first without cooking oil and shampoo, as these were poorly
specified, and the second, ‘Surendran+’ including these ingredients — are highly divergent
in properties. Hourlier’s formulation shows the highest COD of all. Except for Hourlier’s
formulation, all greywaters, including the real sample, exhibit >60% significant amounts
of COD as insoluble.

Real
Fenner Surendran | Surendran+ | Hourlier Greywater
(RGW)
COD
(mg/L) 254 228 475 675 459
SCOD
(mg/L) 101 82 135 553 259
Nitrate
(mg/L) 1.2 0.6 0.5 15 14
Nitrite
(mg/L) 2 3 27 10 4
Ammonia | g5 ND 20.4 ND ND
(mg/L)

Table 2.3. Water quality parameters for real greywater. ND indicates ‘not detected”’ -
the analysis produced results below the range of detection of the technique.

Optical Characterization

Attenuation of the five greywater varieties across the UV-Vis-NIR range (Fig. 2.2)
indicates roughly similar attenuation of UV light by Fenner, Surendran, and RGW.
Surendran+ exhibits substantially higher attenuation, and a substantially different
absorbance drop-off with increasing wavelength — the formulation absorbs much higher
than RGW and other formulations well into the visible wavelength range. Hourlier shows
significantly less attenuation.
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UV-Vis-NIR Absorption Spectra for Greywaters
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Figure 2.2. UV-Vis-NIR Absorption for synthetic and real greywaters.

Next, to quantify the intensity of COD relationship to attenuation in each sample,
attenuation results were normalized by both COD (Fig. 2.3) and SCOD (Fig. 2.4). In
these plots, it is apparent that Surendran, Fenner, and Surendran+ all exhibit similar COD
attenutation intensities. Real greywater and Hourlier have substantially lower attenuation
intensities. For SCOD attenuation intensity, these trends largely stay the same, but with
more dispersion between Surendran, Fenner, and Surendran+.
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UV-Vis-NIR Absorbance Spectra for Greywaters,
Normalized by COD
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Figure 2.3. UV-Vis-NIR Absorption, normalized by chemical oxygen demand.
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Figure 2.4. Enlargement of UVA-UVC region from Figure 2.3.
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UV-Vis-NIR Absorbance Spectra for Greywaters,
Normalized by Soluble COD
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Figure 2.5. UV-Vis-NIR Absorption, normalized by soluble COD.
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Figure 2.6. Enlargement of UVA-UVC region from Figure 2.3.



While the Fenner, Surendran, and RGW may diverge in terms of COD attenuation
intensity, their overall attenuation remains quite similar. Examining these waters’
attenuation in the UV range, where they exhibit peak attenuation and where the action
spectra of UV-based treatment processes lie, reveals significant overlap between the three
formulations. While Surendran and Fenner attenuate UV more heavily in the UVC
region, < 280 nm, RGW attenuates more heavily in the UVA-UVB regions. Integrating
the attenuation vs. wavelength curves indicate that while Surendran and RGW have
similar UV-range integrated attenuations, Fenner attenuates substantially less over the
UV range.

Absorbance Spectra for Greywaters in the UV-Range
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Figure 2.7. Absorbance of Surendran, Fenner, and Real Greywaters in the UV
region (254nm — 410nm). A measurement discontinuity was repeatedly observed at the
254nm wavelength for the RGW sample.

2.4 Discussion

Just as various greywaters exhibit a wide range of water quality parameters, so do
synthetic recipes exhibit a large range of attenuation profiles. Significantly, as samples
are filtered before spectra are analyzed, the difference between Surendran and
Surendran+ suggest that a small quantity of chemicals can apparently have a dramatic
impact on the attenuation of various waters. If a further round of verifications confirms
this, representative attenuation profiles cannot forgo inclusion of microbiological
contributors (e.g., septic effluent).
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The SCOD attenuation intensity plot indicates how challenging a realistic synthetic water
matrix formulation will be. While in terms of attenuation only, Fenner and Surendran
represent RGW attenuation in the UV range somewhat well, they do so with far less
SCOD; in fact, their SCOD attenuation intensities are more than 2.5 and 3 times higher
than RGW’s, respectively. This indicates that the SCOD present in RGW is less highly
scattering and absorbing than those found in existing synthetic greywater recipes, or, that
inorganic substances play a key role in the optical attenuation of greywaters.

Regardless of the underlying drivers, a closer examination of the Fenner and Surendran
formulations for candidacy as an optically realistic greywater is warranted. Based on the
integration of attenuation over the wavelength range studied, Surendran’s formulation
presents a much closer analogue to RGW in the UV range, which is the crucial range of
interest for treatment processes. Thus, Surendran’s formulation is a strong point of
departure for further development of synthetic greywater formulations. Future iterations
should seek to increase COD content while minimizing changes to its UV attenuation
profile.

It is important to note, however, that RGW varies widely in composition and over time.
Significant follow-on work must be done to understand how optical attenuation can vary
between samples of RGW, across different RGW sources, across seasons, and throughout
the day.

2.5 Conclusions

Leading formulations of synthetic greywater were collected from literature and recreated,
along with real domestic “light” greywater generated by 48 volunteers in a modified sink
setup. COD, soluble COD, Nitrate/nitrite/ammonia, and optical attenuation of all waters
were studied to determine which synthetic matrices could best model RGW both
chemically and optically.

While no synthetic formulation accurately represented RGW in terms of optical
attenuation, Surendran’s formulation followed it closely. One caveat is the significant
divergence in overall COD and SCOD attenuation intensity between Surendran and
RGW.

These results indicate that further study into nature of optical attenuation in greywater is
warranted. This has two implications. First, optical attenuation introduces a new
parameter to be modeled by future synthetic greywater recipes. An investigation into the
variation of optical attenuation across RGW sources and times could inform a model of
RGW composition and optical properties, which in turn could help optimize water
treatment technologies. Second, the specific mechanism of attenuation in greywaters —
whether absorbance or scattering — must be elucidated for integration into optical
simulation approaches, whether with analytic optics or raytracing. Thus, incorporating
knowledge of greywater’s optical properties from process technology and simulation
perspectives promises to a path to the most effective and energy-efficient light-dependent
greywater treatment processes.
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3. Solar Photocatalysis on an Inclined Plate

3.1 Introduction

Providing a safe, sustainable water supply is a crucial challenge of the 21% century, and it
is a challenge exacerbated by pollution, climate change, and population growth [69]. A
key opportunity to surmounting this challenge lies in technologies that facilitate the re-
use of wastewater and treatment of emerging contaminants and micropoullutants in
wastewater at low energy intensity [70]. While many technologies such as nanofiltration
menbranes [71], membrane bioreactors and full advanced treatment trains [72] promise
some of these benefits, the opportunity to reduce electrical energy demand across all
water treatment operations remains substantial [73].

As a follow-on step to well-characterized primary (physical-sedimentation) and
secondary (biological) treatment processes, heterogeneous semiconductor photocatalysis
using titanium dioxide and solar ultraviolet (UV) light holds great promise as a low-
energy tertiary ‘polishing’ treatment process to target recalcitrant pollutants in
wastewater [74]. Semiconductor photocatalysis is the absorption of photons at sufficient
energy by a semiconductor material, exciting an electron to the conduction band and
leaving a positively-charged “hole” in the valence band [75]. The electron and hole may
recombine or migrate to the semiconductor surface, where they are available to drive
oxidative and reductive reactions with species adsorbed on the surface [76]. In aqueous
systems, one outcome of these surface reactions is the production of reactive oxygen
species (ROS) [77], including the hydroxyl radical OH®, a powerful oxidizing agent that
is the basis of many advanced oxidation processes (AOPSs) in water treatment [78], [79].
Brief equations describing one reaction mechanism underlying OH° generation via TiO>
photocatalysis by a photon with energy hv in an aqueous system are shown below,
adapted from Hermann [75].

hv +Ti0, » e~ + p* (3.1)
(HZO o H* + OH‘) +p* > H* + OH° (3.2)

Since the discovery of semiconductor photocatalysis via titanium dioxide (TiO) in 1972
[80], and the first demonstration of its use to oxidize cyanide ion in contaminated ponds
[81], the process has attracted substantial interest from the environmental remediation
and water treatment research communities (Fig. 3.1). As the 3.2 eV bandgap of anatase-
form TiO2 requires photoexcitation by light of wavelength 387 nm or less [82],
significant research has been dedicated to both the design of photocatalytic treatment
processes under UV lamps [83] and more recently UV LEDs [84]-[86], and the
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development of materials and fabrication processes to reduce the bandgap energy of
semiconductor photocatalysts [87], [88]. However, while promising high treatment
effectiveness, these approaches are constrained by potentially high operating costs of
operating artificial illumination [89] and the stability, durability, and reproducibility of
novel photocatalysts [90]-[92], respectively. It is important to note, however, that all of
these limitations are the focus of active research.

ORGANIC ﬁj
POLLUTANT *
CONDUCTIONBAND =

ORGANIC
POLLUTANT

F

VALENCE BAND

Figure 3.1. Schematic of TiO2 photocatalytic degradation of water pollutants and
pathogens.

UV light represents 4% of incident sunlight on earth, making solar photocatalysis with
unmodified TiO2 possible. Solar photocatalytic water treatment has accordingly attracted
a range of reactor designs which have been characterized in a number of studies, from the
laboratory to pilot scales [93]. Solar photocatalytic reactors must balance the need for
high irradiance in the reactor to drive the reaction and the need for good mass transfer
and adsorption onto the catalyst surface [93], [94]. Such constraints have led the majority
of solar photocatalytic reactor research to converge on three reactor designs: the parabolic
trough collector (PTC); the compound parabolic collector (CPC); and the inclined plate
collector (IPC), also knowing as the non-concentrating collector (NCC) or thin-film
fixed-bed reactor (TFFBR) [93]-[95].

PTC designs are a direct adoption from the field of solar thermal engineering, where they
have found commercial application since the 1970s [96], and have more recently been
explored as a photocatalytic reactor platform [97]. While PTC promise high solar
concentration ratios, easily achieving 90-sun concentration, the design can only accept
direct sunlight [98], thus requiring single- or dual-axis tracking systems; even with
advanced tracking, the systems do not function at all in diffuse light (e.g., cloudy)
conditions [99]. This is especially pertinent for two reasons. First, many geographies
have significantly more diffuse light than direct [100], and second, crucially for
photocatalytic applications, ~70% of UV light incident on Earth’s surface is present as
diffuse light, with an increasing proportion represented as diffuse light at higher-energy
wavelengths [101].

In contrast, the CPC design accepts diffuse light and obviates the need for active tracking
[102]. While its concentration is much lower than that offered by PTC’s, the delivered
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irradiance to the reaction zone is typically beyond the saturation limit of the
photocatalytic reaction [103] . Owing to these properties, CPC’s have been widely
studied as platforms for photocatalytic applications [104], [105]. However, published
designs of PTC and CPC systems typically use suspensions of TiO2 nanoparticles for
successful operation, requiring post-treatment separation [83]. While separation of TiO>
nanoparticles has been demonstrated, the cost [106] and reliability [107], [108] of this
separation at scale remain an open question, and is particularly pertinent owing to
concerns about the effects of TiO2 nanoparticles on human and ecological health [109].

The IPC configuration offers a simple method of capturing diffuse light with non-
concentrating optics, and can accommodate immobilized photocatalyst rather than
suspensions. To examine the general field of IPC designs, | consider reactors featuring
both suspended and immobilized photocatalyst. Several reports have characterized IPC
performance in destroying organic pollutants such as phenolic compounds [110],
pesticides [111], textile and dye wastewaters [112], [113], and agricultural processing
wastes [114], among other compounds. Across all studies, a clear, nearly linear,
relationship between UV light intensity and reaction performance has been repeatedly
demonstrated [115] [116] [117], as would be anticipated from photocatalytic reaction
engineering theory given the UV photon flux range in sunlight [75]. Accordingly, several
studies define the optimal incline plate angle to be parallel to the local latitude [110],
[111] to maximize sunlight capture.

However, other studies conducted analysis at other incline angles [118], arguing that
mass transfer considerations related to flow regime and flow film thickness must be
considered in reactor performance. These reports can be contradictory, however; one
report suggested that shallower angles, and thus, longer hydraulic residence times (HRT)
yielded more effective treatment [119] , while another suggested that steeper angles were
superior [112]. One of the few systematic studies, from Zou et al., on the influence of
angle and flow rate on treatment performance studied a suspended nanoparticle IPC
configuration, and reported that a peak reaction rate was discovered at a film thickness of
1.0 mm [120]. In Zou’s work, however, purely UV light was used, and lamps remained
normal to the IPC surface, regardless of incline orientation. This setup poorly represents
solar operating conditions with systems lacking active tracking mechanisms, however, as
deviation of IPC angle from the solar angle will lead to a tradeoff between irradiance and
mass transfer. While Zou’s work reports relatively thin flow films, it uses suspended
nanoparticles, which will behave differently than a fixed photocatalyst configuration.
Both Zou’s study and the work of Wyness et al. [115] examined flows with Reynolds
numbers in the range of 350 — 3000. Studies of mass transfer effects in an immobilized-
photocatalyst spinning disk reactor illuminated by UV light found no consistent
relationship between Reynolds number or film height and the overall photocatalytic
reaction rate, as measured by decolorization of methylene blue and degradation of
dihydroabietic acid [121], [122].
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In this work, | offer a detailed analysis of the relationship between hydrodynamic
parameters inherent to the IPC, solar illumination, and reaction rate for immobilized TiO>
systems. Using a bench-scale fixed-catalyst IPC with multiple tracks under artificial solar
illumination, I study the decolorization of methylene blue at Re from ~40 to ~750, and
model pseudo first order decolorization rates. The implications for IPC operation in
large-scale systems, and the potential operational instructions that these results suggest,
are discussed.

3.2 Materials and Methods
IPC Design and Experimental Set-up

Two generations of IPC systems were fabricated, both following roughly the same
system architecture. TiO,-coated glass slides as per the procedure developed in the
following section were mounted on a CNC-milled aluminum track. An acrylic stand with
pre-defined angle guides was designed and fabricated with a lasercutter (Universal Laser
Systems). A variable-drive peristaltic pump (ColePalmer MasterFlex) drove methylene
blue solution from a continuously stirred reservoir into a flow distributor, from which it
was delivered onto the TiO2-coated surface (Fig. 3.2). Liquid flowed down the surface
and was collected through custom-designed funnels, where it was pumped back into the
reservoir. For the first-generation IPC design, which included two separate tracks, the
photocatalyst surface on each track measured 75 mm x 150 mm per track. In order to
maximize frequency and flexibility of experiments, and ensure even liquid film coverage
of the photocatalyst surface, a second-generation design with four separate tracks was
constructed, featuring a photocatalyst surface measuring 25mm x 225mm per track.

The light source used was a xenon-arc lamp with daylight filter (Atlas SunTest XLS+),
designed to model the AM1.5 solar spectrum. Lamp power output was manually varied,
and incident irradiation spectra on the IPC surface were measured using a
spectradiometer (Stellarnet SpectraWiz EPP2000) with UV-Vis-NIR wavelength
sensitivity (280 — 1180 nm). These measurements reported both total irradiance and
wavelength-specific irradiance.

To calculate UV-irradiance-normalized reaction rates, total UV power was calculated by
first measuring the irradiance at three positions along the long axis of each track in the
IPC, for each combination of IPC angle and lamp irradiance. These results were
integrated in the UV wavelength range to produce a total UV power incident on the
photocatalyst area.
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Figure 3.2. Experimental Setup for IPC Photocatalytic experiments. The system
setup (@) includes a continuously stirred tank of Methylene Blue, driven by a peristaltic
pump. SEM micrograph of photocatalyst surface (b) and first-generation IPC system
photograph (c).

Photocatalyst Preparation and Immobilization

Preparation and immobilization of TiO. photocatalyst followed a nanopowder-modified
alkoxide sol-gel process reported by Balasubramanian et al. [123], chosen for its
generation of resilient and thick photocatalyst films. As indicated, a dip-coating
procedure was used to immobilize film of consistent photocatalyst on substrates.

All reagents listed were purchased from SigmaAldrich. Briefly, a 0.5 M solution of
titanitum tetraisopropoxide (TTIP) in isopropanol (iPrOH) was prepared, and
diethanolamine was added to yield a molar ratio of DEA:TTIP of 1:4. After vigorous
magnetic stirring, deionized water was added, dropwise, to reach a molar ratio of
H>O:TTIP of 2:1. After the solution was completely mixed, 30g/L titanium dioxide
nanopowder (Evonik Degussa P-25) was slowly added to create a highly viscous sol-gel.

Quartz glass substrates at 50mm x 75mm (IPC first generation) or 25mm x 75mm (IPC
second generation) (Fisher Scientific) were spray-cleaned with 30% isopropanol (iPrOH)
in water and allowed to air-dry. Using a modified 3D Printer, glass substrates were
fixtured to a gantry and submerged in the prepared sol-gel. The substrates were extracted
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at a rate of 1 mm/s, and promptly dried at 130° C for 30 minutes. Substrates were
removed from the oven and returned to room temperature, and were processed through
one more dip-coating cycle. Following another drying cycle at 130° C, substrates were
calcinated at 550° C for 1 hour, and allowed to cool naturally for 16 hours. Glass
substrates were mounted in a fixture and ultrasonicated in a bath of deionized water at
20kHz for 30 minutes, to release any unbound catalyst. Substrates were air-dried and
mounted in the IPC system using a water-tight sealant.

Experimental Protocol

Methylene Blue (Sigma Aldrich) was dissolved in sufficient deionized water to produce a
20 micromolar solution and was continuously stirred. 200mL of methylene blue (MB)
solution was collected in stirred reservoirs, and continuously stirred throughout the
reaction period. Upon the start of the reaction period, the pump was turned on, beginning
the flow of MB from the reservoir into the holding tank. At each sample interval,
triplicate 3.5mL samples were pipetted from each reservoir and analyzed using a
spectrophotometer (HACH DR2000) at absorbance peak 665nm. Absorbance was
recorded, and samples returned to the respective reservoir. The system was run for a 60-
minute dark period, to dissociate the effect of dye adsorption from photocatalytic dye
degradation during the experiment. Following the dark experiment, the lamp was turned
on, and samples were taken at 15-minute intervals for a total reaction period of 2-hours.

Flow rate in first-generation experiments was varied between 45 mL/min and 130
mL/min. During second-generation experiments, flowrate was varied between 50 mL/min
and 1000 mL/min. Angle of inclination was varied between 5 degrees and 40 degrees,
measured from the horizontal, in both experiments.

Following an experiment, 1L of deionized water was pumped through the system, to
remove any residual dye from the system or catalyst surface.

Using the second-generation experimental platform, a total of 14 trials across four
reactors were conducted, plus three controls featuring dark conditions or no
photocatalyst.

3.3 Results and Discussion
Reaction Kinetics and Order

Many studies indicate that photocatalytic reactor performance can be characterized by
Langmuir-Hinshelwood kinetics, owing to the reliance of photocatalytic oxidation on
surface adsorption [124], as defined by:

KC

= J(—— 3.2
r=kITRe (32)

Where K is the true rate constant, K is the equilibrium constant of adsorption, and C is the
instantaneous reactant concentration, in this case, methylene blue. The Langmuirian
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model can be extended to incorporate light intensity and other parameters as well.
However, for dilute solutions, with C < 10 M, the Langmuirian expression reduces to
apparent first order behavior as KC << 1:

r = kKC (3.3)

r=k'C (3.4)

With pseudo-first-order reaction constant &£’ [75]. For conditions where the reactant
completely covers the adsorbing surface owing to high concentration, KC in the original
Langmuir expression becomes >> 1, and apparent zero order behavior is observed:

r==k (3.5)

With k representing the pseudo-zero-order reaction rate constant [125], [126].
Considering the widely-discussed linear dependence of photocatalytic reaction rate on
incident UV light intensity in the irradiance intensity range of sunlight, a light-
normalized reaction rate can be developed:

= (3.6)

k
I

With | the UV irradiance in W/mZ.

In an IPC system, both first- and zero-order results have been reported. Given the
specified experimental parameters, with reactant concentration on the order of 107,
pseudo-first-order reaction kinetics were hypothesized. A small number of reports [127],
[128] reported second-order Kinetics for photocatalytic dye degradation, but offered little
mechanistic insight into why this was the case, although other sources suggest this could
be driven by charge carrier recombination within TiO2, which has been demonstrated to
be a second-order process [126]. Higher reaction orders have been reported, but also lack
any mechanistic basis. While attempts to model similar systems as plug-flow reactors
across the area of the photocatalyst surface have been reported [129], since the presented
system operates with recirculation to a continuously-stirred reservoir, I model it with a
bulk reaction rate.

To verify the reaction kinetics model of the IPC experiments, a comparison between
zero-, first-, and second-order kinetics was performed. Experimental data were fit using
linearized least-squares regression for each kinetic model, indicating that the data, as
expected, most strongly fit first-order kinetics (Fig. 3.2). Because modeling results
indicate many reactions nearly fit zero-order behavior, it is possible that the TiO2 surface
becomes saturated over subsequent runs, despite the washing/desorption step post-
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experiment, perhaps behaving as a pseudo-zero-order system. However, as observed in
Fig. 3.2(a), there is an observable, systematic deviation from zero order behavior that
tends towards first-order kinetics, suggesting that first order kinetics are more appropriate
for this experiment.
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Figure 3.3. Example Kinetics from Second Generation IPC Performance (a), which

indicate good fits to zero- and first-order reaction models. However, data analysis across

all experimental results (b) indicated that 53 out of 56 experiments fit pseudo-first-order

kinetics with an R?-value of > 0.99, compared to 35 > 0.99 R? correlations for pseudo-
zero-order kinetics.

Hydrodynamic Modeling

For flow over an infinite incline plate, the relationship between film thickness h and
volumetric flow rate Q can be written as follows [130]s:

1
3

= (i) ©

With acceleration of gravity g, kinematic viscosity v, width of plate W, and inclination
angle from the horizontal a. This expression, developed from the Nusselt formulation,
does not account for the presence of rivulets and waves on the surface of a flow film,
which are clearly present; it accounts for a completely laminar, still surface. Significant
research combining theory and experiment to understand the relationship between flow
regime and film thickness in inclined plate flow has been published; Yu’s work [131]
established an empirical correlation for inclined plate systems that accounts for the
experimentally-observed over-prediction of film thickness by the Nusselt relationship:

1

h = (0.462 % Re422 v’ 3 (3.8)
= (0. e g sin(a)
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for Reynolds numbers between 80 and 900, with Re, the Reynolds number, defined by

ul
Re = — (3.9)
v

with L the characteristic length of the system. In the case of the inclined plate, L is the
film thickness. As Yu’s expression relies on the Reynolds number, it cannot be adopted
here for use, as the film thickness was not directly measured; the Nusselt expression will
be employed for calculating film height. It is important to note that reports on inclined
plate photocatalytic reaction systems that measure film thickness do so by measuring the
‘volume remaining in the reactor’ and averaging the film height across the plate area
[115], [120]. This method produced film thicknesses up to an order of magnitude larger
than predicted by Yu’s model, which is developed from real-time imaging and software
analysis. This suggests that either the volume-remaining method is insufficient to
describe film height, or that Yu’s model does not describe the specific conditions of those
experiments. Thus, the Nusselt film thickness used in subsequent analysis in this work is
viewed as a likely over-prediction of actual film thickness, as described previously.

Hydraulic residence time, HRT, is defined as:

Ly
HRT = = (3.10)
ux

With ux defined from the Nusselt velocity as:

_ g sinah?

(3.11)
3v

Uy
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Figure 3.4. Dependence of the IPC first generation on light intensity and angle. Error
bars indicate the standard deviation between reaction rate results for the combination of
parameters at that data point.

Experimental Results — First Generation Experiments

First generation experiments, using low flow rates representing Re from 15 to 43, and
examining irradiance from 550 W/m?to 1150 W/m? were performed. As expected, these
results indicated strong dependence, although not clearly linear dependence, of pseudo-
first-order reaction rate on irradiance (Fig. 3.4). There was apparently minimal
dependence of reaction rate on hydrodynamic conditions. Changing flow rate and angle
had an apparently inconclusive effect on reaction rate (Fig. 3.5); accordingly, film
thickness as per Eq, 3.6 reveals no conclusive relationship to reaction rate across the
range of variables studied (Fig. 3.6). The results reported in Fig. 3.4, 3.5, and 3.6 are thus
effectively decoupled from mass transfer considerations, and therefore do not
convincingly address the fundamental question of this chapter: understanding the
relationship between mass transfer, hydrodynamics, light capture, and reaction rate,
governed by reactor hydraulics and design parameters.

The limited range of Re studied, along with the relative inconclusiveness of the results of
the hydrodynamic experiments, motivated the second-generation experiments.
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Figure 3.5. Relationship between mass-transfer parameters and reaction in IPC first
generation. Error bars indicate the standard deviation between reaction rate results for
the combination of parameters at that data point. Substantial error bars on all points
support data from Fig. 3.4, indicating that trends across hydrodynamic parameters like
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Figure 3.6. Relationship between Nusselt film thickness (analytically calculated) and
pseudo-first-order reaction rate. Error bars indicate the standard deviation between
reaction rate results for the combination of parameters at that data point.

Experimental Results — Second Generation Experiments

By utilizing a wider range of flowrates, the second generation experiments investigated a
larger range of hydrodynamic conditions, with Re varying from ~30 to ~750. Film
thickness was analytically calculated to range between 0.2 and 1.3 mm, and HRT on the
photocatalyst surface ranged between 0.1 and 2.1 s. For ease of visualization and clearer
understanding of trends, results (Fig. 3.7) were plotted with Re rounded to the nearest
integer value, film thickness rounded to the nearest m x 10 (tenth of a mm), and HRT
rounded to the nearest s x 10! (tenth of a second).
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Figure 3.7. Light-normalized reaction rates as a function of hydrodynamic
parameters: Reynolds number (top), analytically calculated (Nusselt) film thickness
(middle), and Hydraulic Residence Time on plate surface (bottom).

Reaction rate is observed to peak at Re = 200, although experimental error limits
confidence in this conclusion. Similarly, a peak in reaction rate at a calculated film
thickness of roughly 0.7 mm is apparent as well, again with significant error. Both of
these results are somewhat surprising, as previous reports from Boiarkina for an
immobilized TiO; spinning disk reactor strongly suggest a decreasing reaction rate with
increasing film thickness [129]. Zou et al. report a peak reaction rate at a film thickness
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of 1.4 mm, although it is unclear what Re or hydrodynamic conditions this corresponds
to. Zou’s results also suggest that reaction rate increases with flow rate at an angle of 20
degrees, until a system flow rate of ~1000 L/h, equivalent to a Re of 1160, after which
reaction rate no longer increases with flow rate [120]. Zou’s work, however, relies on
suspended catalyst, and thus embodies different mass transfer constraints. The peak at Re
=200 is near the transition from a wavy flow regime to a turbulent flow regime, which
has been reported to be at Re = 250 [132].

To clarify underlying mechanisms of the reaction rate peak identified at 0.7 mm
thickness, an open question lies in whether the IPC becomes photon-flux constrained
owing to absorption through the thickness of flowing film layer. Absorption is governed
by the Beer Lambert Law:

I
log(TO) = eLC (3.12)

with ¢ the extinction coefficient of the compound, in this case methylene blue dissolved
in water; L the path length, in this case, the film thickness; C the concentration of
methylene blue; I the intensity exiting the absorption zone, and I, the incident intensity.
Note that the Beer-Lambert Law accounts only for molecular absorption, and attenuation
through other means, e.g. scatter off of the film surface, will not be accounted for. While
methylene blue exhibits high molar extinction coefficients in the UVC and short-
wavelength UVB range, these wavelengths represent a small fraction of the UV present
in sunlight. UVA represents a greater fraction of incident solar UV, and methylene blue
absorbs up to an order of magnitude less light intensity in these wavelengths.
Accordingly, even using a high molar extinction coefficient of 10000 M-cm?, the
difference light intensity passing through a film of 1mm thickness versus a film of 0.7mm
is less than 2%, which cannot account for the observed decrease in reaction rate evident
above.

Another possible inhibition attributable to film thickness is the availability of oxygen at
the catalyst surface to act as an electron scavenger. In the case of thin-film flows, this
proved difficult to measure. Dissolved oxygen is well-known to influence the
photocatalytic reaction rate, and previous studies on the diffusion of oxygen through
laminar flows on an incline plate indicate that reactive surfaces on inclined plates, such as
biofilms, can be oxygen-starved if flows are not sufficiently aerated [133]. Instituting
surface roughness or moving into a turbulent flow regime, could also potentially increase
oxygen transfer to the surface [134], but with the added risk of creating further 3-D
instabilities (see below). Thus, further work will involve modeling of gas transfer from
the liquid flow surface to the photocatalytic reaction site, and the relationship between
oxygen transfer and surface instability. The influence of this parameter on IPC
performance would partially explain the differences between the experimental results
reported here and Zou’s work, which were collected using an IPC with TiO2 slurry. It is
expected, however, that given the recirculatory nature of the experimental design, and the
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unobstructed exposure of the entire reaction zone to atmosphere, it is highly unlikely that
oxygen starvation is a key determinant of reaction performance in the reported IPC
results.

The peak reaction rate was detected at Re ~200. This does not coincide exactly with a
transition to turbulence, reported at Re = 250, although as described previously, it
approaches it [132]. As observed, Re = 200 is well within the range of surface
instabilities, e.g. solitary and periodic waves [131]. Such instabilities have been reported
as either enhancing or inhibiting mass transfer, depending on the dimensional nature of
the surface waves generated from instabilities (2- or 3-D) [121]. Thus, it is possible that
increasing Re beyond 200 moves the hydrodynamic behavior into instabilities that serve
to inhibit mass transfer, rather than promote it. Follow-up studies to examine the specific
characteristics of emergent instabilities, and their correspondence to flows characterized
by different Reynolds numbers, will be necessary to elucidate the mechanisms behind the
unexpected relationship between hydrodynamic behavior and reaction rate. Furthermore,
additional study into the potential inhibition of reaction rate by the onset of turbulent flow
conditions, whether due to mass transfer, surface instabilities, or other phenomena, is
needed.

Reaction rate is shown to decline with HRT on the incline plate surface, although the
correlation for a linear fit was very weak, at R? = 0.32, and thus not shown on the graph.
Longer residence times mean thicker films for a given Re, so it is expected that the same
mechanisms that define lower reaction rates at higher film thicknesses explain the lower
reaction rates observed at high HRT. Previous work examining microfluidic
photocatalytic reactors has suggested that longer residence times lead to more oxygen
starvation of a reaction system [135]. If oxygen availability governs the reaction rate in
the IPC system then, this would explain the trends observed.

To understand the broader implications of these results for mass transfer in photocatalytic
IPC reactors, an expression to separate the observed reaction rate into an intrinsic and a
mass-transfer contribution component can be used [136]:

1_1,.1
kK kK kpa,

(3.13)

With k™ the observed reaction rate, k the intrinsic maximum reaction rate, K the Langmuir
adsorption coefficient, km the mass transfer coefficient, and «,, the ratio of the TiO>
surface area to reactor volume. The first term is the intrinsic reaction rate, governed by
surface adsorption and not influenced by mass transfer. K for methylene blue adsorption
onto immobilized TiO; surfaces has been reported as 6.25 L mol™ [137] and an intrinsic
maximum reaction rate, while varying in literature, has been estimated as 40 s [138].
The second term describes the influence of mass transfer. a,, for the given system is on
the order of 103 for a 1-mm-thick flow film. To determine km, We can use a relationship
between the Sherwood number and kn [139]:
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k..h
Sh = % (3.14)
with h the characteristic length, in this case, film thickness, and D the diffusivity of
methylene blue in water, 5.7 x 10°m? s, To calculate the Sherwood number, we can
use a relationship between the Sherwood Number, Schmidt Number, and Reynolds
Number for flow on an inclined plate with surface reaction, adapted from Kulas et al.
[140]:

W[ =

d
Sh = 1.85 (Te Re Sc) ® (3.15)

with de four times the film thickness, or 4h, and L the plate length. ¢ is an aspect ratio
scaling parameter, with a value of 1 for experimental conditions described. The Schmidt
number is the ratio of kinematic viscosity to diffusivity, in this case ~1.5 x 103. For a 1-
mm film, with Re 373, we find a value of ky of 2.27 x 10

Returning to Eq. 3.12 with these values, we see that the second, mass transfer, term has
an order of 102, while the first, intrinsic reaction term, has order of 102 Thus, in terms of
influence on overall reaction rate, we see that the system has outsize dependence on mass
transfer. Observed reaction rates are of order 10— 1072, fitting this range. However, if
the system is mass-transfer limited the question of why limited increase in reaction rate
was observed with increasing Re remains.

Despite open questions about the influence of instabilities and gas transfer on the overall
reaction performance, one conclusion from the above results is that the underlying drivers
of reaction rate are not inherent to angle and flow rate. If a change in reaction rate is due
to surface instability (e.g. solitary or periodic waves) or oxygen transfer to the catalyst
surface, there are several methods of controlling that besides varying the core IPC design
parameters. Thus, these results suggest that IPC system designers should resort to
operating systems at angles that maximize solar UV capture, and manage mass transfer
constraints, should there be any, by controlling aspects of the IPC system besides angle
and flow rate (e.g., surface roughness).
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reaction rate. While hydrodynamic parameters are not shown in this plot, an apparent
trend in average reaction rate (large markers) of decreasing reaction rate over # of runs is
evident, despite several individual experiments (small markers) deviating from this trend.

Finally, an analysis of the relationship between reaction rate and run number is shown in
Fig. 3.7. Few other studies of photocatalytic reactors systematically study the change in
reactor performance with cycle, despite the susceptibility of immobilized TiO2 coatings to
performance degradation over time. Current state-of-the-art approaches to catalyst
regeneration include calcination, treatment with H202, and NaOH [141], all of which may
be impractical for IPC applications at scale. Thus, some measure of reduced
photocatalytic activity must be expected in real IPC systems. Quantifying the extent of
this degradation in the IPC, along with a quantification of the effect of potential in-situ
catalyst regeneration approaches, are research opportunities extending from this work.

3.5 Conclusion

Two separate solar photocatalytic inclined plate collectors (IPC) with immobilized TiO>
were fabricated and their photocatalytic degradation of methylene blue solution under
artificial sunlight was characterized. Results indicated that while hydrodynamic
conditions could govern reaction rate, and indeed, the overall reaction rate is likely mass-
transfer limited, mass transfer was not solely determined by the IPC operating parameters
of angle and flow rate. Significant changes in reaction rate were observed with changing
Reynolds number and flow film thickness, but these have unclear relationships to
underlying mechanisms. To elucidate those mechanisms, and the nature of the
photocatalytic reaction’s dependence on operating parameters in the IPC, further studies
to examine surface flow instabilities and gas transfer are suggested. Finally, despite these
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open questions, these results suggest that IPC designers should choose angle to optimize
light capture for a given location, and seek to resolve mass transfer considerations using
other aspects of IPC design, such as surface roughness.
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4. The Vertically Integrated Multistep (VIMS)
Reactor for Solar Photocatalytic Water Recycling
in Building Facades

4.1 Introduction

In the United States, buildings account for nearly 40% of energy usage, 40% of
greenhouse gas emissions, and almost 15% of water usage [142], usage intensities that
are echoed globally [143]. With more than 60 million new inhabitants projected to arrive
in global cities annually for the forseeable future [144], urban buildings present an urgent
opportunity to address global climate change and resource scarcity, and indeed, even
yield net benefits [145] [146]. A wide range of building-scale interventions have been
successfully to address this opportunity, from efficiency interventions in HVAC control
systems [147] to nanotechnology-based electrochromic windows [148]. While much
attention focuses on energy consumption in buildings, interventions to increase building
water efficiency are of increasing interest, owing to the significant interplay between
energy and urban water consumption and end uses [149]-[151].

Among possible building-scale water interventions, onsite recycling of water (See
Section 2.4 in this document) could cut building water demand by up to 40%. Several
possible building-scale water recycling platforms (See Section 2.4), most promisingly
membrane bioreactors, exist, but have shortcomings related to energy consumption [21]
and take up substantial internal area, potentially compromising for smaller buildings. To
offset energy demand of water treatment systems, powering such systems with solar
photovoltaic systems is a promising option [152]. Rooftop-integrated PV systems are a
well-characterized commercial technology, but interest is increasing in the facade as a
resource for building technologies to both provide PV electricity and building thermal
management [153]. Significant work has been devoted to building-integrated
photovoltaic (BIPV) systems for application in facades, with dozens of operational
systems globally [154], [155]. Extending from BIPV, several approaches to further
repurpose facade area for light-driven sustainability applications have been proposed,
including solar thermal collection using microfluidics to offset hot water demand and
disinfect wastewater [156], photobioreactors to grow algae to create biofuel from
wastewater [157], [158], [159] and active shading strategies to minimize building
envelope thermal gain [160]. While typical fagade-integrated systems are planar, active
shading demonstrates advantages of orientations that are not planar to the fagade surface.
It has been shown in the case of PV applications that optimized 3-D configurations of PV
cells can yield substantial gains in light capture and thus, performance [161].

Inspired by these efforts, | propose a fagade-integrated solar photocatalytic water
recycling system. Using TiO»-based photocatalysis (See Section 2.3) powered by
sunlight, the proposed system is envisioned to recirculate greywater through a reactor
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configuration until sufficient treatment is reached. The system is intended to replace the
energy-intensive UV treatment that follows filtration for nonpotable reuse applications
[61] (see Section 2.2).

The design of the reactor extends from the inclined plate collector (IPC) into a series of
sequential IPCs, which allows for tunable reactor parameters that define both hydraulic
and light capture performance. Previous proposals have utilized multiple solar
photocatalytic IPC’s in a sequential cascade design [162], [111], which the inventors
argue enhances both oxygen transfer to the photocatalyst surface, encourages mass
transfer, and ensures simple construction. However, the linearly sequential design require
substantial dimensional area, limiting this approach’s relevance in buildings. A reversed-
cascade IPC system was presented [119], and substantially reduces the footprint required
for the photocatalytic reactor system. However, the proposed cascade system was not
experimentally characterized, and required the use of UVC LEDs, limiting its relevance.
In none of the above studies was a systematic exploration of how controlling system
design parameters influences overall treatment performance conducted.

Here, the proposed system is the Vertically-Integrated Multistep (VIMS) reactor. In this
work, | detail the VIMS system, present experimental results and parameter
investigations for the degradation of methylene blue under real sunlight conditions in
Berkeley, CA, USA. Specific parameter investigations are the step angle and ‘step
height’ — the distance between subsequent coated steps in VIMS. Both parameters
underpin the unique tradeoffs inherent in the VIMS design and any cascade photoreactor,
in that they govern both hydraulic behavior and light capture performance. Step angle
relative to the sun determines the amount of direct sunlight captured, while also
determining flow film thickness. Step height governs the level of shadowing depending
on solar angle, while also influencing mixing and gas transfer to the system. After a
parameter study of these features of VIMS, | present a simple forecast of the potential
impact to water consumption the system could have in a real building.

4.2 Materials and Methods
Chemicals & Photocatalyst Immobilization

Reagents were acquired from Sigma-Aldrich unless otherwise noted. Reagent-grade
methylene blue (MB) powder was mixed with deionized water to create solutions of 10 or
20 micromolar concentration MB.

Immobilized TiO: films were grown according to a procedure outlined in section 3.2.
Nanopowder TiO2 (Evonik, Degussa P-25) was used, with diethanolamine and isopropyl
alcohol. Glass slides were procured from Fisher Scientific.

Analytical Methods

A spectrophotometer (DR2400, HACH Company) was used to develop a correlation
between MB concentration and absorbance at 665nm. Triplicate samples were used in all
instances, and the spectrophotometer blanked against DI water.
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Photoreactor Design and Experiments

The VIMS system consists of a sequence of oppositely-oriented inclined plates, to create
cascade of water across plates coated with immobilized TiO2 (Fig. 4.1). Transparent
Polymethylmethacrylate (PMMA) was laser-cut to create the front cover of the VIMS
system. PMMA is known to absorb substantially in the UV range. The rest of the system
(back and side panels) was fabricated from black PMMA via lasercutting, CNC machined
from 6061 aluminum (distributor), or 3D-printed from PLA plastic (funnel, steps). Step
angle awas controlled by a rotary control system, lasercut from PMMA. Step height d
was fixed in each reactor. On each step, two TiO»-coated glass slides were mounted using
adhesive, for a step dimension of 25mm x 150mm. This gave the system an overall
thickness of 60mm, intended to comply with needed thicknesses of curtain wall systems.
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Figure 4.1. VIMS Schematic. A range of design parameters is shown, but the controlled
variables in this research are a1, a2, and d1, d2. B, as a function of real-time solar
conditions, varies throughout the experiment. For the experimental conditions
investigated, d1, d are held equal, as are o1, 2.

The experimental setup, featuring four separate reactors, can be seen in Fig 4.2 and Fig
4.3. Flow was governed by a peristaltic pump (Cole-Parmer MasterFlex), with flow rate
set to 140 mL/min. Each reactor used a separate step height that was fixed, although the
step angle was varied for each experiment. As the reactor height was the same across all
four reactors, the number of steps per reactor became a function of the step height.
Specific combinations of step height and number of steps are shown in Table 4.1.
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Figure 4.2. Schematic of a single VIMS photoreactor. The peristaltic pump moves MB
solution from the continuously stirred reservoir into a distributor, from which it cascades
across a sequence of steps.

Figure 4.3. VIMS Photoreactor experimental setup in real sunlight conditions. Four
separate photoreactors, each with independent reservoirs, distributors, and flow lines, are
aligned in parallel on a west-facing rooftop.
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Step Height (mm) Number of Steps / Reactor
25 18
35 14
40 12
45 10

Table 4.1. VIMS Step height combinations with number of steps.

All experiments were carried out at the University of California, Berkeley, CA USA
(latitude 37.87°, longitude -122.25°), on a roof top and positioned with southwest-facing
orientation (76 °from S). Experiments were carried out between 1PM and 5PM between
February and May 2016. It is noted that location choice has substantial influence on
system performance via a variety of factors, including solar resources, heating/cooling
demand, and economic impact [163]. In this sense, Berkeley, with a temperate climate
profile, produces a vastly different result than, for example, Singapore, an equatorial
location with tropical climate.

Solar irradiance was measured by taking an initial spectroradiometry reading of incident
light, with the detector lens parallel to the front face of the reactor (StellarNet EPP2000).
Spectral range for this instrument was 200 — 1080 nm. Repeated measures of the solar
spectrum suggested that the fraction of incoming radiation present as UV was ~4.4%.
Solar irradiance with the spectroradiometer was measured at each of the four corners of a
‘bounding box’ of the front-facing plane of the photoreactors, and averaged to produce an
average total spectral irradiance. Real-time solar irradiance was collected using a
pyranometer (SPLite2, Kipp & Zonen), also mounted parallel to the front face of the
reactor, at 10-second intervals via a multimeter. As this instrument had sensitivity only in
the spectral range of 400-1150 nm, UV irradiance was extrapolated based on the fraction
of UV measured via spectroradiometry, in these experiments’ case, 4.4%.

During the experiment, a 30-minute ‘dark’ period was enforced by shielding the reactors’
front panel with an opaque cover. After 30 minutes had elapsed, the cover was removed
and sampling began. Samples were taken at 15 minute intervals for the first half-hour,
and then at 30 minute intervals for the remaining reaction period, for a total irradiated
experiment time of 120 minutes. Following each experiment, each reactor was flushed
with 1L of DI water to desorb any remaining MB.

4.3 Results and Discussion
Reaction Kinetics and Order

As outlined in Section 3.4, the system was described with pseudo-first order kinetics.
However, as experiments were conducted under real solar conditions with a transient
light source, experimental results needed to be normalized by incident UV light to be
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compared meaningfully. To calculate the total average irradiance, the pyranometer-
measured irradiance was integrated over the course of each experiment and divided by
the experiment time, as per:

_ [YE®at "
T (G-t |

with E(t) measured at 10s time intervals. An example spectral distribution showing the
evolution of the solar spectrum over the course of a single experiment is shown (Fig. 4.4).
Average UV irradiance, E; yy , is calculated by multiplying the average solar irradiance
from Eq. 4.1 by a proportionality factor, in this case, 4.4%. Calculated average UV
irradiances are plotted (Fig. 4.5) based on experimental trial; of successful experiments,
five trials were qualitatively categorized as ‘full sun conditions,” four were ‘cloudy’, and
four were indeterminate — meaning, conditions were dynamic through the course of the
experiment. Fig. 4.4 exhibits indeterminate conditions.

Average Spectral Power Across SOAP System
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Figure 4.4. Evolution of Solar Spectrum over a VIMS experimental trial. Because of
the orientation of the VIMS solar collector as perpendicular to the Earth’s surface and
oriented westwards, significant increase in solar irradiance is observed towards the end of
the experiment, later in the afternoon. As intermittently cloudy conditions were observed
during the experiment, these data are labeled indeterminate solar conditions.
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Figure 4.5. Total Average UV Irradiance by Experimental Trial. Different
experiment dates experienced substantially different sunlight conditions, owing to
overcast skies. As would be expected in a real system, this resulted in a wide range of UV
irradiances, plotted here as an average over the experiment time.

Given these results, calculated pseudo-first order reaction rate k was normalized first by
UV irradiance, as per:

kyy = =— (4.2)

Es,UV

To further compare VIMS results across the four photoreactors, reaction rate was further
normalized to account for the differing total catalyst area across each photoreactor, owing
to the differing number of steps, and by volume, as some photoreactors experienced
differential volume loss over the course of the experiment [128]:

A7io,

kyyay = (4.2)

Thus, the kyy 4 term allows comparison across separate experimental trials.
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Experimental Results

Experimental results (Fig. 4.6) show solar photocatalytic decolorization of methylene
blue solution across thirteen different solar conditions (see caption). Pseudo-first order
kinetics show strong correlation to the data, and were accepted as appropriately
descriptive of the reaction.
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Figure 4.6. Experimental results for VIMS trials under real solar
conditions. On each graph, the y-axis represents concentration of MB
solution in micromolar, while the x-axis is time in minutes. Data is shown
in open circles, and lines represent pseudo-first order fits for the data. Red
data indicates 40mm step height; green data represents 35mm step height;
blue data, 25mm step height; and black data, 45mm step height.
Experiments 12 and 13 contain control experiments: both a dark control,
with no exposure of the photoreactor to sunlight, and a no-TiO- control,
with the photocatalyst-coated surfaces replaced with uncoated glass slides.
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Experiments 4 and 5 were performed on solutions at concentration of 10
micromolar. Not shown in this data is the adsorption ‘dark’ phase of the
first 30 minutes. Differences in adsorption performance resulted in slightly
different starting concentrations across experiments.

To understand the relationship between VIMS design parameters and overall
performance, normalized reaction rate kyy 4 Was plotted against step size (Fig. 4.7) and
step angle (Fig. 4.8).

9 /10-3 . T T I I
E - 10deg
N 8 10deq fit |
E ® Z0deg
= 2L 20deqg fit |
z“ ® 30deg
% 5L 30deq fit ! |
& ®  45deg
c % .......... 45deg fit
5= °f |
o -
1
o L gt " _
= S
: < e
D 3 I . LprtiE |
Th 2r -
&
g
a _ i
o 1
o
0 ' I I I |
20 25 40 * » b ”

Inter-Step Drop Height, mm

Figure 4.7. Reaction rate kyy 4y Vvs. Step Height. Linear best-fit lines are
plotted to show trends in the relationship.

A loose correlation of increasing reaction rate with increasing step height is observed.
This effect is to be expected, as a forthcoming report on simulations of a similar system
by Ross et al. [164] suggests that a larger step separation enhances light capture owing to
decreased shadowing by neighboring steps, as at high step separations, there are fewer
steps for a given photoreactor height. Thus, because kyy 4 is normalized by the solar
irradiance on the front panel area of the photoreactor, not the light falling on individual
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steps, differences in sunlight collection effectiveness within the reactor envelope are not
accounted for in normalized reaction rate. Furthermore, while Ross’s report does not
investigate transient solar conditions, it argues that a similar VIMS system with incident
solar irradiance of 60 degrees and step angle of 45 degrees is expected to double its
capture of light as step height increases from 20mm to 50mm, primarily owing to a
reduction in shadowing. Obviously, the influence of shadowing between steps changes
with changing incident angle — as would be observed during the experimental conditions.

However, in the experimental data, a near doubling in kyy 4 is observed for the VIMS
system at step angle 45 degrees as its step height increases from 25 mm to 45 mm. Thus,
given the linear relationship between photocatalytic reaction rate and absorbed UV light
for intensities in the studied range [75], a doubling in kyy 4, Would be expected, which is
borne out in the experimental results for the 45-degree step angle. Other combinations of
design parameters, however, deviate substantially from Ross’s simulation results. For
example, Ross’s light capture simulations suggest a near-tripling in light capture for a
VIMS system with 10 degree step angle as step height is increased from 20 mm to 50
mm. Experimental results for the 10-degree system, however, exhibit little difference in
kyyv av as step height is increased. Thus, while light capture governs the underlying
photocatalytic reaction linearly, shadowing owing to step density cannot completely
explain the observed results.

Other mechanistic factors must be in play to describe VIMS performance. While larger
step heights would encourage greater oxygen transfer to water droplets leading to higher
dissolved oxygen content in the reactor system [165], and thus, greater availability of
electron scavengers in the photocatalytic oxidation of organic compounds, experimental
results do not provide evidence that this is happening. Aside from the observed increase
in reaction rate with increasing step height for the 45-degree step angle VIMS system,
other step angles demonstrate almost negligible increases in kyy 4, With increasing step
height.

It can be observed that when organizing results by step height, and plotting kyy 4y Vs.
step angle (Fig. 4.8), VIMS systems with larger step height, that is, the 45 mm step
separation, show greater sensitivity to step angle. Extending from Ross’s analysis, we
hypothesize that at lower step heights, shadowing compromises benefits of increased
light capture owing to steeper angles during late-afternoon experiments. Lower step
heights do not demonstrate the level of sensitivity of the 45mm system. A careful
analysis is needed to quantify the differential effect of the 5mm step height differences on
light capture, and compare that differential to the observed reaction rate sensitivity to step
angle.

I note that these results coincide nicely with conclusions established in Chapter 3, namely
that light capture dominates any hydrodynamic or mass transfer effects of step angle in
inclined-flow systems. However, before too many parallels are drawn, it is important to
observe that because the ‘inclined plate’ length in the VIMS system is significantly
shorter than that in the experimental IPC of Chapter 3, a fully-developed flow regime
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cannot be expected to have developed across each VIMS step. Thus, hydrodynamic
considerations will be considerably different than that observed in a system with a fully-
developed flow system.
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Figure 4.8. Reaction rate kyy 4y Vvs. Step Angle. Linear best-fit lines are
plotted to show trends in the relationship.

To explore these results further the relationship between the number of steps — not the
step height — and the area-, volume-, and UV- normalized reaction rate kyy 4, and the
volume- and UV-normalized reaction rate kyy -

kyyv = kyvV (4.3)

was explored (Fig. 4.9).

As greater illuminated catalyst surface area is known to increase reaction rate, higher
reaction rate is expected with an increasing number of steps. When normalizing reaction
rate to kyy 4 v, the opposite trend is observed — to be expected, since these results are
normalized by total photocatalyst area in the reactor. Thus, if one removes the effect of
increasing catalyst area, the dominant effect of increasing the number of steps is
shadowing in light capture, resulting in lower reaction rates at higher numbers of steps.
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However, plotting kyy  vs. the number of steps — here not normalizing for the total area
of catalyst — shows a surprising result, that there is inconclusive dependence of
normalized reaction rate on the number of steps. This suggests that for the VIMS system
size studied, the addition of catalyst area yields inconclusive increase in reaction
performance, and that light capture dominates. This has important implications for
design, manufacturing, and costing of VIMS systems, as smaller catalyst area and fewer
components would be necessary to realize similar treatment levels of systems featuring
larger numbers of steps.
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Figure 4.9. Reaction rate vs. Number of Steps. kyy 4 vs. Number of
Steps (left) and kyy  vs. Number of Steps (right). Linear best-fit lines are
plotted to show trends in the relationship.

To extrapolate the performance of a realistic building-scale VIMS system, an areal
collector analysis was performed, based on analysis developed in Bolton et al. to quantify
the relationship between solar photocatalytic collector area and reaction performance
[166], modified by equations presented for scaling to fit pseudo-first order kinetics [167]
to explore the relationship between reactor volume, and reaction rate. This analysis was
rearranged to calculate the volume of contaminated water treatable given a range of
operating parameters:

49



A
kyvyv Esyy (A_C) t
V, = = g (4.4)
In(=2
Cr

with Eg ;, the average UV irradiance in W/m?, A the scaled-up collector area, in m? A,
the experimental collector area, in m?, t the scaled-up time, in minutes, coand cs the
desired methylene blue concentrations at the onset and conclusion of the scaled-up solar
exposure, and Vsthe treatable volume of water.

To clarify the implications of scale-up, we separate scenarios into sunny and cloudy
conditions, with E ;, of 30 W/m?and 15 W/m?, respectively. This is to illustrate the
‘worst case’ treatable volume from such a system. A, for the experimental system is .084
m?, but for a realistic building facade application, Ac of 9 m?is used. t is projected to be
180 minutes, to approximate afternoon sunshine falling on a vertical building-wall, and
we select coand ¢t to represent a 1-natural-log reduction in concentration of pollutant. As
kyy v was demonstrated to vary significantly across experiments, Vs was calculated for
each experimentally-determined kyy » and plotted (Fig. 4.10).
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Figure 4.10. Scaling Analysis for a 9m? collector. Relationships between
step height, step angle, and volume of water treatable to 1-log reduction in
methylene blue concentration for sunny and cloudy conditions are plotted.
Average data points (large dots) are given error bars showing standard
deviation, while individual data points (small dots) are shown.

The projection of Vs shows that step angle and drop height can have substantial effect on
treatment performance. However, further work is needed to isolate the effect of step
angle and height parameters on overall performance. Perhaps most significantly, the
current VIMS system offers relatively poor volumetric treatment when scaled up, with
roughly 1-log treatment of 20 L of liquid on cloudy days, and no more than 60L on sunny
days. The significant error bounds on results on sunny days indicate that even this
performance is highly susceptible to variation. Urban water use exhibits a wide range of
demand numbers, although between 60-100L per person per day is largely accepted for
multifamily complexes [168]. Given that greywater can be applied to up to 40% of
household applications (e.g., toilet flushing), under optimal sun conditions, the best case
of the VIMS system could offset nonpotable water demand of up to 2.5 persons.
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However, even this result is both optimistic and pessimistic. Even optimistically, a 63%
(1-natural log) reduction in MB concentration does not sufficiently demonstrate the
inactivation of bacteria necessary to meet stringent nonpotable water re-use requirements.
For example, California Title 22 regulations require less than 2.2 CFU / 100mL of
coliforms, with raw greywater coliform counts ranging from 10* — 10° CFU / 100mL
[169]. This implies that up to a 5-logzo reduction in coliform counts could be necessitated
in a VIMS system as a prerequisite for treatment, which at current performance rates,
would require increased treatment time or area, or decreased treatment volume. While
experimental studies that compare methylene blue decolorization to E. coli inactivation
results vary, a study by van Grieken et al. using immobilized TiO> in a fixed-bed reactor
illuminated with a UV-A lamp showed that a 63% decolorization of methylene blue
corresponded to a 4-log inactivation of E. coli [170]. While van Grieken’s results may be
encouraging, E. coli inaction must be independently verified for the studied system to be
conclusive.

There is significant reason to expect that these performance indicators underpredict
possible VIMS treatment, however. The front cover material used was conventional
PMMA, selected for its high optical transparency, strength, and ease of fabrication.
However, conventional PMMA is known to absorb significant fractions of UV light,
although it is significantly more UV transparent than other competing transparent
plastics, such as polycarbonate (which absorbs heavily across the entire UV-spectrum).
UV-transmitting PMMA, made by changing polymer additives, is commercially
available, but was unavailable in these experiments. Based on spectroradiometry, it was
determined that up to 54% of incoming solar UV energy was absorbed by the front cover.
Given the linear relationship between UV light and photocatalytic reaction performance,
by selecting a UV-transmitting acrylic cover that has transmittance of 90% in the UV
range, our system could treat up to 100L of water at 9m?, offsetting the nonpotable water
needs of at least four individuals. At the time of experimental design and experiments, a
cost-effective option was not available; subsequently, however, SolAcryl Super UV-
Transmitting Acrylic was identified and used in later experiments (see Chapter 5). In
future work on VIMS, this material will be sourced.

As this research has shown, future research must focus on augmenting experimental
results with understanding of maximizing light capture, in three particular areas. First,
careful synthesis of light capture simulations with experimental results must yield a
clearer design criteria for optimization of such systems. Similar to work in the PV field, a
clear correlation between global location and VIMS design parameters and orientation
must be established. Second, selection of materials must be made to ensure maximum
light transmittance. This has two implications. In collector cover materials, this means the
aforementioned selection of UV-transmitting acrylic or the use of materials like quartz or
borosilicate glasses, prized for their excellent UV transmittance. In photocatalyst
materials, it implies choice of photocatalyst with a band gap engineered to accept lower-
energy photons, and thus, more of the solar spectrum. Such photocatalysts, however, are
still being proven in laboratory conditions and their reliability remains unknown. Finally,
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reimagining of the VIMS system to accommodate both the lessons from this research and
the performance demands of successfully treating real wastewater, to achieve
demonstrable 5-log pathogen reduction among other metrics, is necessary.

Furthermore, it is noted that in this research, scale-up calculations do not account for
solar dynamics and specific location, and further analysis using best practices from solar
modeling and the building science field, such as EnergyPlus or TRNSYS, is needed as a
next step [171], [172].

Thus, while the VIMS system is not viable in its current experimental form, with careful
materials selection and further optimization of orientation and design parameters, there is
significant promise of creating global impact through a building facade-integrated water
recycling system.

4.4 Conclusions

In this work, a building fagade-integrated solar photocatalytic water recycling system was
proposed, fabricated at laboratory scale, and characterized under real solar conditions in
Berkeley, CA. Results indicated that light capture closely governed system performance,
potentially even more so than photocatalyst surface area, and optimal design parameters
were those which minimized shadowing and most oriented VIMS catalyst-coated
surfaces towards the sun for direct light capture.

While current treatment performance is insufficient for real building-scale impact, several
strategies for maximizing VIMS performance are proposed. First, a synthesis of solar
capture modeling, based on an accepted repository of solar data such as EnergyPlus, with
reactor design is needed to optimize VIMS system performance based on time, location,
and orientation. Second, materials selection for both the VIMS system construction —
specifically, highly UV-transmitting cover materials — and the photocatalyst coating —
specifically photocatalysts excitable by visible-light photons — can yield significant
improvement in VIMS performance. Third, experiments with real greywater and real E.
coli inactivation are mandatory to drive iteration of system design for full proof-of-
concept. These further research directions, combined with the presented research results,
suggest the potential of future facade-integrated water treatment systems.
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5. Hybrid Solar Photocatalytic Water Treatment
and Solar Thermal Gain (PC-T) for Sustainable
Buildings

5.1 Introduction

As described in Section 4.2, the promise and opportunity of building-integrated systems
to address resource scarcity and improve urban sustainability is substantial: globally, 40%
of energy and 15% of water is consumed in buildings [143]. This opportunity is borne out
by the vast range of building-scale interventions deployed to improve the efficiency and
quality of energy, water, and air in the urban environment — interventions that distinguish
‘green buildings’ [173], [174]. While rooftop solar photovoltaic (PV) installations are
perhaps the most recognizable such intervention, significant potential in building-
integrated systems lies in the building envelope, and specifically, the facade.

The building envelope fagade acts as an interfacial layer between the building and
environment [175], [176], and plays an outsize role in determining key operating
parameters for the building, especially lighting and thermal management [177],
representing correspondingly significant construction cost and complexity as a result
[178] As described in Section 4.2, the facade has attracted a wide range of proposed
interventions in pursuit of sustainability and occupant comfort. One of the earliest
technology interventions was the ventilated double-skin facade to maximize daylight
while controlling temperature, first proposed in the 1930s by Le Corbusier [179] and an
active area of applied research today [180]. More recently-proposed technological facade
interventions include phase-change thermal insulation based on advanced polymeric
materials [181] and algal biofuel-producing photobioreactors for facade-integration
[182]. The field of solar thermal facades (STFs) extends on both of these research
directions to explore facades that optimally capture solar energy as heat and light for
different energy-offset purposes [183] [184]. Such technologies are often intricately
integrated with other building systems to best realize whole-system sustainability.

Among facade integrations, building-integrated photovoltaics (BIPV), as previously
described, have received significant interest. They are distinguished from traditional
rooftop solar PV by their direct integration into a building envelope, for aesthetic or
structural reasons [185]. Facade-integrated PV, typically amorphous silicon
semiconductor panels, are exposed to less direct sunlight than rooftops and are most
appropriate for northern or southern latitudes [186]. However, they offer the opportunity
to generate electricity with minimal marginal cost over standard building materials [187].
A key challenge in successfully operating BIPV systems in facades is thermal
management, as temperature is crucially important to determining PV electrical
efficiency [188]. Efforts to manage temperature in fagade-integrated PV have included
exposure to ambient air, which is recycled to help offset HVAC load [189], to forced
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flow of water over the fagcade-integrated PV, which is claimed to improve overall
electrical yield by 9% [190].

Understanding the need to couple PV light capture with cooling, hybrid photovoltaic-
thermal (PV-T) systems have been intentionally engineered to capture heat that would
normally be wasted in PV systems. As most commercial PV systems demonstrate 4-17%
efficiency, more than 50% of solar spectral energy is lost. By capturing this excess
spectral energy in the form of thermal gain of a working medium, to be subsequently
used to offset building thermal demand, PV-T engineers can maximize overall system
efficiency [191]. Since the first experimental proofs-of-concept of the PV-T system in the
late 1970°s [192], [193], numerous studies have been produced to characterize PV-T
systems, and several functioning full-scale installations have been deployed. These
efforts are covered in detail in a recent review by Yang and Athienitis [194]. Several PV-
T systems have been characterized in facade-amenable configurations, with flat-panel
configurations using air [195] or water [196] as a working fluid, and several designs
using motorized active elements to maximize solar PV output and thermal gain have been
proposed [197], [198]. While thermal absorber configuration varies substantially based
on the overall PV-T system design, flat plate collectors typically use tubing thermally
bonded under solar PV cells and embedded in insulation. Beyond electricity and hot
water production, facade-integrated PV-T systems using water as a working fluid have
great potential for acting as insulation for the building envelope, broadening the potential
impact of PV-T systems [199]. Innovation around materials, assembly, and operation
continue to drive improvements in system efficiencies [200]. However, while PV-T
systems hold great promise to address building energy needs through offsetting HVAC
and electricity demand, they can have little direct effect on water consumption in
buildings.

Extending on the work of the PV-T community to address building-scale water demand,
we propose to simultaneously use solar photocatalysis and solar thermal gain in the
facade envelope, developing what we call solar photocatalytic-thermal (PC-T) systems.
Photocatalytic water treatment, as described in Section 2.2, is the absorption of a photon
with energy greater than the band gap of a semiconductor photocatalyst, separating an
electron-hole pair. The electron and hole subsequently produce reactive oxygen species to
destroy pollutants, or the hole directly oxidizes pollutants [75]. While many
photocatalysts are under study, solar photocatalysis via titanium dioxide (TiO) is the
most widely used and inexpensive. Its main drawback is that it is only active under UV
light, and under ideal solar conditions will have ~4-5 % efficiency — losing 95% of
incident solar energy as waste heat (Fig. 5.1). Thus, there is significant opportunity to
engineering photocatalytic treatment systems to capture this waste heat to improve
overall system efficiency. More promisingly, at temperatures up to approximately 80 C,
the photocatalytic reaction rate is well known to increase with increasing temperature
[75]. Thus, capturing otherwise-waste heat directly in the reaction medium can serve to
both enhance the reaction performance and potentially offset broader building energy
needs.
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Figure 5.1. Comparative fractions of solar spectrum. Only UV light
(blue region) is available to drive photocatalysis in TiO2-based systems,
leaving the vast majority of sunlight wasted (red region). Thermally
harvesting this portion of sunlight could yield substantial improvements in
overall system efficiency.

Current work in developing photocatalytic systems has proven that solar thermal
collection enhances reaction rate substantially. Hashemi et al. showed that by
designing a batch TiO2 microreactor to absorb rather than reflect or scatter visible
and infrared sunlight, they could enhance the net photocatalytic decolorization of
methylene blue by 82% [201]. The authors argue that such enhancement is due to
the operating temperature of the absorbing reactor increasing to ~45 C during the
course of the experiment. Wang et al. reported an up to 40% thermal enhancement
in photocatalytic decolorization of methylene blue in a continuous-flow BiVO4
microreactor under a blue-UV LED array [202]. The thermal enhancement roughly
correlates to a heightened temperature of 30° C, as opposed to room temperature,
20° C. Thus, while close synergy between photocatalytic and thermal performance
is demonstrated, the combined efficiencies of the process remain uncharacterized.

Facade-integrated systems for water treatment are a promising direction of
research, as pioneered by Gutierrez [203] and Lee et al. [156]. In Lee’s work, the
research team described photothermal disinfection of bacteria coupled to solar
thermal gain using a concentrating hemispheric microlens array for integration in
building facades. Lee’s work, besides demonstrating the high thermal efficiencies
possible (reported to be 70%) in uninsulated systems, underlines the possibility of
solar pasteurization of pathogens in wastewater, without using photocatalysts.
While not directly suggesting facade integration, Liu et al. proposed combining
solar thermal phase change materials with photocatalytic graphene-TiO>
microspheres to simultaneously treat water and dynamically capture and release
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heat in building envelopes using a single material [204]. Liu’s work highlights the
promise of multifunctional building envelope systems that can simultaneously
offset water and energy demand.

In this work, we extend on Liu and Lee’s innovations to realize a fagade-integrated
system for hybrid PC-T operation. The system is intended to, at scale, heat and
treat building wastewater synergistically, offsetting building energy demand and
water consumption. Solar thermal collection heats up greywater from a building in
a photoreactor. This enhances photocatalytic reaction temperature, leading to
greater water treatment performance. Treated greywater leaves the system with an
elevated temperature, where the heat latent in it could be used to offset building
energy demand in various ways, such as heat exchange for a water heater or direct
space heating via hydronics.

We examine three systems: a simple black absorber-backed flat panel control; a
photocatalyst-backed flat panel; and a photocatalytic reactor configuration, the
vertically-integrated multistep (VIMS) reactor (see Chapter 4). Prototype systems
were fabricated at laboratory and subpilot scales to characterize overall
photocatalytic and thermal performance. While thermal and photocatalytic
efficiencies remain relatively low, we suggest directions for future optimization to
realize more effective PC-T systems.

5.2 Materials and Methods
Chemicals & Photocatalyst Immobilization

Reagents were acquired from Sigma-Aldrich unless otherwise noted. Reagent-grade
methylene blue (MB) powder was mixed with deionized water to create solutions of 20
micromolar concentration MB.

Immobilized TiO: films were grown on glass slides according to a procedure outlined in
section 3.2. Nanopowder TiO2 (Evonik, Degussa P-25) was used, with diethanolamine
and isopropyl alcohol. Glass slides were procured from Fisher Scientific.

For subpilot-scale experiments, as the dimensions of photocatalyst coating required were
beyond the capacity of the laboratory, a commercially available TiO.-coated panel was
procured (Reynobond EcoClean, Alcoa). The commercially-coated panel consisted of
aluminum sheet coated with nanostructured TiO> rated to photocatalytically degrade
atmospheric pollutants with a polycarbonate backing.

Analytical Methods

A spectrophotometer (DR2400, HACH Company) was used to develop a correlation
between MB concentration and absorbance at 665nm. Triplicate samples were used in all
instances, and the spectrophotometer blanked against DI water.
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Photoreactor Design and Experiments

At both subpilot and laboratory scales, experimental protocols were based on AHSRAE
93-2010 [205] for open-loop steady-state characterization of solar thermal collectors.
While a separate testing architecture based on the European EN 12975:2000 standard
exists, the ASHRAE standard is chosen for its wide adoption in the USA. It is also noted
that steady state models are conservative in evaluating overall thermal energy gained,
compared to quasi-static approaches [206]. Thus, the ASHRAE procedures have been
applied in this work. Details on procedures for each scale of experiment are below. The
general layout of the three reactor concepts characterized in this work are shown in Fig.
5.2, and a general experimental schematic for a single reactor is shown in Fig. 5.3.

ABSORBER- PLANAR TiO, -

BACKED BACKED VIMS

WATER
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WATER WATER

FLowl FLOW
\
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I

BLACK TiO,
ABSORBER PHOTOCATALYST
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Figure 5.2. Reactor concepts experimentally characterized in this
work. The black absorber-backed reactor, at left, includes no photocatalyst,
while the planar TiO2-backed and VIMS systems do include photocatalyst.
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Figure 5.3. Solar PC-T experimental schematic. While the schematic
shows a single photoreactor, real experiments consist of two to three
reactors: two photoreactors at the subpilot scale, and three photoreactors at
the laboratory scale.

Photoreactor Design and Experimental Protocol: Subpilot Scale

The black absorber, photocatalyst-backed, and VIMS systems were all constructed out of
CNC-machined 6061 Aluminum. Front covers for each system consisted of PMMA
sheet lasercut to fit the dimensions of the reactors, which exhibits 40% transparency in
the UV region. Total collector area for each of the subpilot systems was 0.25 m? with
collector dimensions of 50cm x 50cm. The depth of each panel was 2cm, for a total
enclosed volume of 5L.

For the black absorber-backed system, black PMMA was bonded to the rear of the
reactor. For the photocatalyst-backed system, a commercially-coated TiO2 sheet
(Reynobond EcoClean) was bonded to the back of the reactor. For the VIMS system, a
cartridge design with each inclined step at 10 degrees from the horizontal was inserted
into the reactor.

During operation, the absorber-backed and commercially-coated systems were filled with
methylene blue solution, while the VIMS reactor accumulated minimal volume,
involving thin film flow along inclined photocatalytic surfaces.

Subpilot reactors were setup on a south-facing building rooftop in Berkeley CA (10 ° of
S). 17.5 L of methylene blue solution of concentration 15-20 micromolar was used as the
medium. Solar irradiance data was collected using a spectroradiometer (StellarNet
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EPP2000) and a pyranometer (Kipp Zonen SPLite2). Flow rate was gravity driven, and
ranged between .010 and .011 kg/s, or between .04 and .044 kg/(s m?coltector).
Recirculation of working fluid was driven by a peristaltic pump (Cole-Parmer
MasterFlex). An example experimental setup in operation is shown in Fig. 5.4 and Fig.

Figure 5.4. Solar PC-T experiments under real solar conditions at
subpilot scale. Here, two photoreactors, VIMS (left) and the Planar TiO>
(right) are in operation during a rooftop experiment in Berkeley, CA.
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Figure 5.5. Close view of VIMS and Planar TiO: system. VIMS (left)
and the Planar TiOz (right) are in operation during a rooftop experiment in
Berkeley, CA, showing methylene blue flow pattern in VIMS.

To measure thermal efficiencies, input, output, and ambient temperatures were measured
using wireless thermal data loggers (HOBOWare), and logged at 10s intervals. Input
temperatures were controlled by a heater/chiller (ANOVA R10) set up in a heat exchange
loop with the working fluid. The instantaneous thermal efficiency 7, is described in Eq.

51&5.2:
Aq
g Ag

ng = (MCy(tre — tri)/AgGe) (5.2)

(tri — ta)
Gy

(ta), — Uy,
(5.1)

with Ag the collector area, Gy, the irradiance, m the mass flow rate of the working fluid,
Cp the specific heat of the working fluid, and tre and ts; the steady-state outlet and inlet
temperatures, respectively. In equation 5.1., Fr is the heat removal factor, Uy is the loss
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coefficient representing environmental losses during collector operation, and ta,the
transmissivity and absorption of front cover material.

As the goal of collector characterization is to relate overall collector thermal efficiency to
variables that can be predicted based on historical or simulation data — inlet temperature,
ambient temperature, and irradiance — expression 5.1 can be reformulated as a linear
equation with one independent variable, as follows:

U=EU (ﬁ) (5.3)
rYL Ag .
ng=U ((tf,i - ta)/Gt) +b (5.4)

with the (t7; — t,)/G, term acting as the independent variable. By fitting experimental
data to this equation, estimates of the net loss term U can be made, and used to predict
collector performance under a broader range of solar and thermal conditions.

To measure photocatalytic oxidation of methylene blue solution, triplicate 5mL samples
of working fluid were taken at 10-minute intervals following a 20-minute no-sampling
period, to control for the effect of adsorption in photocatalytic reaction rate. Samples
were analyzed in a spectrophotometer (HACH DR2400) to measure absorption at the 665
nm wavelength. Absorption values were used to develop a pseudo first-order
photocatalytic rate, as described in Section 2.3.

Photoreactor Design and Experiments: Laboratory Scale

For the laboratory-scale experiments, the black absorber, photocatalyst-backed, and
VIMS systems were all constructed out of CNC-machined 6061 Aluminum. Front covers
for each system consisted of specialized UV-transmitting PMMA sheet (Solacryl,
Spartech Polycast) at 1/8” thickness, lasercut to fit the dimensions of the reactors. This
cover material exhibits >70% transparency in the UV region. Total collector area for each
of the laboratory systems was .0155 m? with collector dimensions of 3 in x 8 in. The
depths of the absorber- and TiO,-backed panels were both 5 mm, while the VIMS system
had a depth of 40mm to accommodate the VIMS cartridge (see below). All reactors were
sealed with an o-ring clamped between the PMMA cover and aluminum body. Reactors
were mounted in building-grade rigid closed-cell expanded polystyrene foam insulation
(InsulFoam R-Tech) with an R-Value of 5.78. CNC machining was used to create close-
fit pockets in the insulation for each reactor, ensuring maximal contact between the
insulation and aluminum surface. A fan was mounted and run to ensure air flow of 1-2
m/s across the front cover of each reactor.

For the black absorber-backed system, black PMMA was bonded to the rear of the
reactor. For the photocatalyst-backed system, glass slides coated with immobilized TiO>
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films were mounted in a planar configuration to cover the entire back surface. For the
VIMS system, a cartridge design with each inclined step at 15 degrees from the
horizontal was inserted into the reactor, with each step including a TiO2-coated glass
slide. For both TiO> systems, the coating procedure was as that in Section 3.2. The
experimental setup for laboratory-scale work is shown in Fig. 5.6.

4 % «\,\m -
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Figure 5.6. Solar PC-T experiments under simulated solar conditions
at laboratory scale. Here, three photoreactors, Planar TiO> (left), VIMS
(center), and Absorber-backed (right) are in operation under simulated solar
irradiance in a laboratory setting. All three reactors are housed in a tight-fit
insulation manifold.

As in the subpilot scale experiments, during operation, the absorber- and TiO.-backed
systems were filled with solution during operation. The VIMS system was subject to thin
film flow across its photocatalytic surfaces.

Laboratory experiments were conducted under a xenon-arc lamp solar simulator (ATLAS
SunTest XLS+) angled at 55 degrees from the horizontal, to simulate afternoon solar
conditions on a west-facing facade. A volume of 200 mL of methylene blue solution of
concentration 20 micromolar was used as the medium. Solar irradiance data was
collected using a spectroradiometer (StellarNet EPP2000). As the arc lamp outputs a
spatially varying irradiance field, especially owing to the angle of inclination, irradiance
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was measured at 9 points across each reactor, and integrated to develop an average W/m?
irradiance for each reactor.

Flow rate was driven by a peristaltic pump (Cole-Parmer MasterFlex). Due to significant
differences in hydraulic resistance between the three reactors, the mass flow rates for
each were somewhat different. The black absorber-backed system had a mass flow rate of
0.0022 kg/s, or normalized for collector area, 0.1398 kg/(s m?); the TiO2-backed system
had a mass flow rate of 0.0018 kg/s, or 0.1161 kg/(s m?); and the VIMS system had a
mass flow rate of 0.0026 kg/s, or 0.1677 kg/(s m?).

To measure thermal efficiencies, input, output, and ambient temperatures were measured
using platinum resistance temperature detectors (ProtoVoltaics PT100) connected to a
microprocessor (Arduino) with 24-bit analog-to-digital converter (ProtoVoltaics RTD). A
custom setup using RTD’s was selected for fast and repeatable temperature measurement.
Temperature was measured and logged at 6-second intervals. Input temperatures were
controlled by a heater/chiller (ANOVA R10) which supplied a water bath, in which
recirculating working fluid was returned. This ensure a consistent steady-state inlet
temperature for a given experiment. The experiment was run with collector area covered
by aluminum foil for 30 minutes to allow the system temperature to increase by any
external effects, and to control for adsorption (see below).

To measure photocatalytic reaction rate, triplicate samples of 3.5 mL were taken at 30-
minute intervals. During the first 30-minute period, the collector area was blocked by
aluminum foil to create ‘dark’ conditions for the reaction, ensuring that adsorption of dye
onto the TiO> surface would not affect overall photocatalytic reaction performance.
Afterwards, the foil was removed, and samples were taken at 15-minute intervals for the
first hour of the experiment, and 30-minute intervals thereafter. Sample absorbance at
665nm was measured in a spectrophotometer, and then samples were returned to the
mixing reservoir. Absorbances were used to calculate concentrations, which were formed
the bases of pseudo-first order reaction rate calculations (see Chapter 3).

5.3 Results and Discussion
Outdoor Experiments

Outdoor experiments yielded data with very high error and noise, from which it was
difficult to develop high-confidence conclusions (Fig. 5.7). The black absorber-backed
panel, Fig. 5.7a, demonstrated thermal efficiencies between near-zero and 0.4, and, as
there was no photocatalyst present, produced no photocatalytic reaction.
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Figure 5.7. Thermal efficiencies, photocatalytic performance, and
hybrid efficiency of PC-T systems. Thermal and photocatalytic
performance for each panel design (a-c) are presented. Dashed lines
represent thermal efficiency linear fits, while solid lines represent
photocatalytic reaction rate constant for methylene blue degradation. A
hybrid efficiency term is proposed (Eq. 3) and applied to each reactor (d),
indicating that the commercially coated design offers the most promising
PC-T performance.

The VIMS system in the outdoor configuration demonstrated poor thermal efficiencies,

between -0.75 and 0.125 (Fig. 5.7b). These results suggests that for the majority of inlet
temperatures, ambient, and solar conditions, incoming methylene blue leaves the system
at a cooler temperature than which it enters. Thus, VIMS’ design is quite unsatisfactory
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as a system for solar thermal gain. However, as it involves photocatalyst on each step
surface, degradation of methylene blue dye was demonstrated, interestingly with a
declining relationship between photocatalytic reaction rate and increasing (Ti - Tamp) / G
term. As increasing Tiwould indicate a higher reaction temperature, and thus, a higher
reaction rate, this result is driven by ambient temperature, Ta, and G, solar irradiance.
Increased solar irradiance has a linear relationship with photocatalytic reaction rate, and
thus, higher values of the x-coordinate suggest lower light intensities.

The commercially-coated TiO> panel (Fig. 5.7c¢) showed consistently positive
thermal efficiencies, ranging from near-zero to 0.5. The clustering of data in the
plot makes the thermal results poor grounds for observing a trend. The
commercially-coated panel showed photocatalytic reaction performance, with less
sensitivity to the x-coordinate — values were consistently near 0.001 min™.,

In an attempt to evaluate the effectiveness of both operating modes — thermal and
photocatalytic — with a single term, a ‘hybrid efficiency’ is developed. This is
inspired by the PV-T community, wherein multiple approaches have been
developed combine two disparate outputs — thermal energy and electrical energy —
into a single numerical valuable. Notable work has quantified hybrid performance
with a variety of metrics, from economic or environmental value [207] to exergy
[208]. The purpose of our hybrid efficiency term is not to necessarily assign value,
but to simply quantify and compare PC-T systems. Accordingly, as a first step,
based on an efficiency approach [209], we propose a hybrid efficiency:

77hybrid = Nthermal + Ck * kphotocatalytic (5-4)

With n¢nermar the calculated thermal efficiency, Kphotocataiytic the pseudo-first order
reaction rate, and Cx a scaling parameter to bring the two values into the same
order of magnitude. Given that thermal efficiencies will operate between 0 and 1,
Cx is here set to a value of 500 based on the range of Kphotocatalytic We reported. This
value of Cy is acknowledged as somewhat arbitrary, a more thorough argument for
hybrid efficiency, grounded perhaps in economic impact or exergy, would be
better-suited to this evaluation. Because the nature of quantifying the comparative
exergy of clean water and hot water makes little sense, a detailed economic
analysis is required.

Nonetheless, we use Eq. 5.4 to describe hybrid performance of the system (Fig.
3d). Based on our proposed model, we see that the commercially coated system is
categorically more efficient than VIMS across the range of studied x-coordinates.

The level of data uncertainty and the generally poor performance of the systems as
thermal collectors — dedicated solar thermal collectors can operate in the 0.8 — 0.9

range, and hybrid PV-T systems can demonstrate thermal efficiencies above 0.7 —

suggest that significantly more work is needed in terms of design and optimization
to achieve meaningful impact through PC-T systems.
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Given the significant error, several research and development opportunities were
identified from these results within the flat-panel (e.g. non-concentrating)
geometry. First, a front cover panel material that consists of UV-transmitting
plastic is essential. Minimal transmission of UV, of roughly 40%, was observed in
the experimental system. Replacing that with commercially-available UV-
transmitting plastic, which can transmit 70-80% of UV light, could double
photocatalytic reaction rate and reveal more meaningful trends.

Second, insulation of the entire system is essential, and realistic. Real solar thermal
collection systems are heavily insulated, as would be any system embedded in a
building envelope. Exposure to real solar conditions in an outdoor environment
introduced significant losses and sensitivities that may have compromised some
experimental data, and certainly limited the thermal efficiency potential of the
prototype systems. Insulation here means both building insulation to surround the
non-collecting surfaces of the reactor, minimizing radiative loss beyond the cover,
but also front cover insulation, such as a double glazing or double-panel with
vacuum gap [23]. Approaches to front cover insulation, however, need to be
carefully characterized to ensure they do not adversely affect light transmission for
photocatalytic water treatment.

Third, characterizing the system in a more tightly controlled context, with
consistent environmental losses, is necessary to get a clearer understanding of the
system’s properties.

Laboratory Experiments

Several of the shortcomings of the subpilot-scale outdoor experiment were addressed in
the design of the laboratory experiments. Insulation, UV-transmitting plastic, and
consistent irradiance and environmental conditions were all realized (see Section 5.3).

For clarity of review, photocatalytic treatment performance has been separated
from thermal results in the follow analysis. Thermal efficiencies (Fig. 5.8) are
developed for each PC-T system. There are several salient observations from these
data. First is the observation that the black absorber and planar TiO2 perform
similarly in terms of thermal efficiency for given experimental conditions. We
observed both systems to have peak thermal efficiencies of roughly 0.75. This has
an interesting implication for PC-T system design, as it implies that the TiO>
surface and methylene blue liquid column are as effective at absorbing light as
thermal energy as the black PMMA backing and blue liquid column. This is
surprising, as the TiO. surface is bright white in color, suggesting high levels of
light scattering. Aside from the backing material and some slight hydraulic
differences, the absorber and planar TiO2 systems are identical.

Second is the poor thermal performance of the VIMS system, as in the outdoor
pilot experiments. This is borne out by the data, which largely show the VIMS
system having negative efficiency (cooling influent water) except when the
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abscissa value is less than zero — meaning that the ambient temperature is greater
than the input temperature, and thus not a useful test case for the system. These
results indicate that while VIMS performs poorly as a hybrid PC-T system, the
planar TiOz and black absorber show promising performance. VIMS demonstrates
high losses (as approximated by the slope of the linear best-fit line), suggesting
that this performance continues under conditions corresponded to greater abscissa
values. The planar TiO, and black absorber systems show markedly less dramatic
slopes, suggesting their system losses are much lower than that seen in VIMS.
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Figure 5.8. Thermal efficiencies plotted against the ASHRAE abscissa
term. Thermal performances for each panel design are presented. Dashed
lines represent thermal efficiency linear fits.

Photocatalytic reaction rate is shown to have a roughly linear relationship with the
ASHRAE abscissa term (Fig. 5.9). As these experiments were conducted under
constant irradiance for each reactor, the key parameter governing the increasing
ASHRAE abscissa term will be Tj, the steady-state inlet temperature (Fig. 5.10).
Together, these trends agree well with established photocatalytic reaction
engineering principles, in that an elevated reaction temperature yields elevated
reaction rate. While the VIMS system demonstrates higher overall average reaction
rate, and greater sensitivity to the ASHRAE abscissa value, the planar TiO> system
demonstrates comparable reaction rates across abscissa values, with less sensitivity
to ASHRAE abcissa. As expected, the black absorber system demonstrated no
photocatalytic reaction, as there was no photocatalyst present.
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Figure 5.9. Irradiance-normalized Photocatalytic rate constants

plotted against the ASHRAE abscissa term. Photocatalytic rate constants

are plotted against the ASHRAE Abcissa term. Dashed lines represent
linear fit to photocatalytic rate constant.
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Figure 5.10. Irradiance-normalized photocatalytic rate constants
plotted against the average steady-state inlet temperature.
Photocatalytic rate constants are plotted against the inlet temperature.
Dashed lines represent linear fit to photocatalytic rate constant.

Most striking about the results of the photocatalytic reaction performance and thermal
efficiency is their demonstration of opposite trends. While photocatalytic rate constants
increase with increase ASHRAE abscissa values, thermal efficiency decreases. This
suggests a fundamental trade-off between these two parameters, an observation which
makes mechanistic sense. Thermal efficiency is a measure of the system’s ability to
absorb energy in the form of a temperature increase in the working fluid, relative to the
input irradiance energy. This is enhanced at lower inlet temperatures relative to ambient
conditions — the system is more likely to absorb energy due to minimal losses. At
temperatures Ti > T, the system is more likely to experience losses to the environment.
Photocatalytic reaction rate, however, is dependent solely on input temperature. Thus,
plotting photocatalytic reaction rate versus thermal efficiency (Fig. 5.11) reveals a
roughly linearly-descending relationship between the two. This makes the principle of
hybrid PC-T operation more complicated, as system operators and designers must trade-
off between maximizing thermal gain and achieving photocatalytic treatment in their
choice of system.
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Figure 5.11. Irradiance-normalized photocatalytic reaction rate plotted
versus thermal efficiency. Dashed lines indicate a linear fit.

This tradeoff is already substantially constrained by realistic operating temperatures of a
greywater treatment system. While domestic water use temperatures destined for
greywater range between 35° and 45° C for bathroom water, and up to 70° C for laundry
water [210], by the time usage has occurred, the greywater temperature can drop between
0-8° C, depending on the use [211]. Assuming a 4° C temperature drop, operating
temperatures for greywater systems will be, at a minimum, ~30° C. This suggests that in
the context of these experimental results, reaction temperatures will be high. The
challenge will be in achieving incremental heat gain above a relatively high working fluid
input temperature. As observed from Fig. 5.7, systems report their lowest thermal
efficiencies at the highest operating temperatures, and this trend is further explicated by
the observed low temperature increase at higher operating temperatures, Fig. 5.12. This
suggests that losses in the system need to be much more tightly managed, as will be
discussed at the end of this section: heat transfer away from the working fluid
temperature outweighs the energy gained by solar irradiance.
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Figure 5.12. Temperature gain plotted versus steady-state inlet
temperature. Net temperature gain across the photoreactor are plotted
versus average steady-state inlet temperature.

These results thus indicate that simultaneous realization of solar thermal collection and
solar photocatalysis is possible. Furthermore, as would be expected, we see a clear trend
of thermally enhanced photocatalysis: at higher temperatures, there is a significantly
enhanced photocatalytic reaction rate. Rather than extending on previous analyses on
thermally-enhanced photocatalysis to establish a clear operating guide for hybrid PC-T
operation, these findings complicate the realization of a hybrid PC-T system, as thermal
efficiency and photocatalytic reaction rate are revealed to operate in opposition.

Thus, several further research directions are proposed from these findings. First, thermal
performance needs to be enhanced, beginning with insulation of the entire PC-T system.
As mentioned previously, vacuum-gap insulation for the front cover [23], along with
careful analysis of the implication of such insulation for light capture in the system, is
essential. Similarly, maximally-performing insulation of other surfaces of the system are
crucial, although under certain climactic conditions, it may be beneficial to have good
heat exchange between PC-T systems and the building envelope to provide heat transfer
away from the building interior. These will help minimize system losses observed in
these experiments.

If insulation helps decrease system losses, a secondary approach to enhancing thermal
performance is to increase in the incident radiation on the system. Characterizing a
compound parabolic collector (CPC) photoreactor for simultaneous thermal gain and
treatment would provide a valuable benchmark for such systems. Lee’s work [156] shows
the promised thermal enhancement of a hemispherical microlens array, which points to
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the range of possibilities for concentrating solar irradiance to enhance thermal
performance in facade-integrated systems.

Extending on thermal performance, it is important to note that in the U.S. re-use
regulations are predicated on coliform bacteria counts [61]. Solar thermal pasteurization
offers an approach to inactivate bacteria present in greywater, potentially in a continuous
flow operating mode [212]. With further thermal performance enhancement, a PC-T
system could reach appropriate temperatures for sufficient time for pasteurization, while
simultaneously destroying pollutants through photocatalysis.

Second, photocatalytic water treatment performance can be enhanced in several ways. As
these experimental results show minimal process intensification owing to the VIMS
design, a planar-TiO2 system could be considered a baseline for such systems. Proposed
reactor designs to intensify reaction rate through enhanced light capture, such as a fiber
optic cable-based system [213], could be revisited with a lens for hybrid PC-T
performance. Another approach would be to integrate advanced photocatalysts,
engineered to drive photocatalysis under a broader range wavelengths of light (e.g.,
visible) [87] [214]. As in any photocatalytic reactor system, enhancing light transport and
broadening the photocatalyst’s light activation spectrum would lead to more successful
PC-T systems.

Third, a careful understanding of some of the tradeoffs inherent in a PC-T system on an
annualized and localized basis is needed. Tradeoffs in PC-T operation will exist because
of the inherent variability of several key operating parameters: ambient temperature, solar
irradiance, and environmental losses. All vary substantially with time and location, and
thus, the annualized and localized performance of such systems must be carefully
understood.

Finally, as proposed by Coventry [207], a net economic analysis that quantifies the value
of domestic hot water and water treated to nonpotable re-use standards is needed. A true
levelized cost analysis is complicated by the fact that capital and installation costs for a
facade-integrated system are difficult to estimate. Nonetheless, a rigorous study of the net
value created by a hybrid PC-T system, beyond metrics of water treatment and thermal
efficiency, is needed.

5.4 Conclusions

In this work, the first characterization a hybrid solar PC-T system for simultaneous
greywater treatment and solar thermal collection is reported. Experimental studies of
immobilized TiO,-based PC-T photoreactors in bulk flow and thin film cascade
configurations were performed, and compared to a control black-absorber based system.
Characterizatoin was performed in both outdoor sunlight conditions, and under simulated
solar light. Results indicate that there is an inherent tradeoff between photocatalytic
reaction performance and overall thermal efficiency of the system. This tradeoff is driven
by the thermal enhancement of photocatalysis, which is dependent on steady-state
working fluid temperature, and the sensitivity of thermal efficiency to heat transfer losses
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to the environment, which are exacerbated by higher operating temperatures. Thus, while
synergistic heating and treating of water is realized here, this work highlights research
opportunities to identify an optimal operating profile for PC-T systems.
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6. Conclusions & Future Research Directions

Water scarcity, already a reality in many local regions of the world, will become a global
challenge by 2050, with substantial populations unable to access sufficient water.
Solutions to address water scarcity, however, must do so under the parallel driving forces
of urban population growth, climate change, and the food-energy-water nexus.
Significant effort has been invested in developing frameworks for future water systems -
David Sedlak calls this ‘Water 4.0,” and Peter Gleick refers to it as the ‘Soft Path’ [17] —
but regardless of the specific framework, future interventions and solutions to water
scarcity must be sensitive to the driving forces that accompany it.

This thesis has proposed one solution to help offset challenges: building fagade-
integrated systems for solar photocatalytic greywater recycling and solar thermal gain.
The proposed system decentralizes water recycling to the building scale, uses solar
energy for operation, and promises to offset the energy demand of the building. This
chapter summarizes the key findings of the dissertation and proposes future research
opportunities for each key research activity.

6.1 Summary

To realize a fagade-integrated solar photocatalytic water recycling and solar thermal gain
system, several findings were needed. First, a careful understanding of the optical
properties of the greywater matrix were necessary in order to optimize photo-dependent
treatment methods, like photocatalysis. Second, an understanding of the relationship
between hydrodynamics, solar irradiation, and system design parameters, as described by
the inclined plate reactor, were prerequisite to designing an effective treatment system.
Third, a new reactor concept that could integrate easily with the constraints of the
building facade — specifically, a thin profile and vertical orientation - was required.
Fourth, and finally, the relationship between simultaneous solar thermal collector
efficiency and solar photocatalytic treatment was a substantial unknown, and required
characterization. This dissertation aimed to offer new insight and experimental research
findings to resolve all of these requirements.

In Chapter 2, | showed that greywater exhibits high absorbance in the UVA/B range but
low absorbance per mg/L COD or soluble COD. This diverged significantly from the
optical characteristics of many published synthetic greywater recipes, which were
characterized in this chapter. These results underlined that careful consideration of optical
path length in photodependent treatment methods is crucial in recycling domestic
greywaters, and have significant implications for the design of photo-dependent treatment
reactors.

In Chapter 3, | experimentally showed that inclined plate photocatalytic reactor
performance, as described by decolorization of methylene blue under simulated sunlight,
is governed by light intensity and light capture rather than hydrodynamics and mass
transfer. This is despite the fact that two are tightly coupled through the design parameter
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of inclination angle. This result suggests that photocatalytic reactor designers must give
light transmission and capture a significant premium in the consideration of their system
design.

In Chapter 4, | proposed a new photocatalytic reactor design concept, the vertically
integrated multistep (VIMS) reactor, to realize water re-use within the envelope of the
building facade. VIMS, essentially a sequential series of inclined plates, was shown to
effectively decolorize methylene blue under real solar conditions in Berkeley, CA. Based
on solar photocatalytic reactor modeling, | showed that a 9m?-scale VIMS system could
treat up to 60L of methylene blue solution per day, although performance is highly
sensitive to variations in solar intensity, and the proxy of methylene blue for greywater
requires further validation.

In Chapter 5, | experimentally characterized simultaneous solar photocatalytic water
treatment and solar thermal gain in the VIMS system and a simple flat-plate facade
collector. These results are the first demonstration of simultaneous solar thermal
collection and solar photocatalysis, and show that the relationship between the two
phenomena is inverse. However, given the temperature profile of typical domestic
greywater, there is strong potential for synergy between energy capture from sunlight and
greywater, and greywater re-use.

6.2 Future Research Directions

This dissertation intended to fill key gaps in knowledge necessary to realize a fagade-
integrated solar photocatalytic water recycling and solar thermal gain system. Along the
way, several research questions arose that could not be resolved in the scope of the
dissertation work, and were deemed important for furthering the specific field assessed in
each chapter. These included, for example, understanding the relationship between
surface waves, aeration, and reaction performance in an inclined plate reactor. Such
questions that extend immediately from the completed research are described at the
conclusion of each chapter.

Several larger questions beyond the immediate research results from each chapter invite
deeper inquiry, and three of these questions are the focus of this section.

6.2.1 Technoeconomic and Spatial Analyses of Photocatalytic-Thermal and Building
Facade Systems

This thesis has focused on technology development for the built environment, with some
implications for impact at the building-scale. Unanswered, however, are broader
questions about the potential local, regional, national, and global impacts of such a
technology, benchmarked against existing solutions to energy and water challenges.
Thus, technoeconomic and spatial analyses of the performance of solar photocatalytic-
thermal systems are necessary. This is all the more crucial as city block-scale wastewater
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thermal harvesting and building-scale water recycling enter commercial deployment. A
framework to clarify when and where photocatalytic-thermal technology can make a
difference is essential.

6.2.2 Building-Integrated Platforms for Advanced Materials and Functionalities

This thesis has been focused on using conventional, readily available titanium dioxide
nanomaterials deployable with room-temperature methods (as opposed to cleanroom
approaches). This approach came with the tradeoff that efficiencies of TiO>
photocatalysts are very low, owing to the wide band gap of the semiconductor. As rapid
advances in materials science continue, however, large numbers of new photocatalysts,
coating methodologies, and other innovations are being reported. The system described in
this thesis is an ideal platform for integrating water and energy technologies into the built
environment, and can be viewed generally as a carrier of materials technology.

This lends itself to two evident research directions. The first is to understand the
performance and opportunities presented by novel photocatalysts into solar-
photocatalytic systems. Particularly exciting is the possibility of coupling bandgap-
engineered photocatalysts that accept visible light with tunable plasmonic materials that
can lead to selective heating — involving specialized materials to more effectively drive
water treatment and water heating.

The second is to explore what other types of technologies can be advantageously
integrated into panelized systems for building facades. There are myriad possibilities, and
some examples include dye-sensitized solar cells, microbial bioreactors for various
sustainability applications, and engineered hydroponics or living walls. This thesis has
shown the potential of building-fagade integrated systems for realizing a more sustainable
environment; further research can investigate how a platform like this could be extended
into other functionalities.

6.2.3 Design Integration for the Building Scale

Significant research opportunity remains around the architectural and urban integration of
such systems. This thesis used the constraints of the building fagade to design the system
and consider inputs and outputs, but stopped short of integrating such systems into the
larger building. Four research areas present promising directions of inquiry here.

First, understanding the opportunities and tradeoffs of integration at the building-scale —
for example, considering the energy and cost implications of dual-piping a building,
pumping water throughout a high-rise, and other integration and operational questions —
are crucial to move forward.

Second, control strategies to include water recycling systems into a larger building
management system are necessary, as emergent benefits to sustainability could arise from
controlling energy, HVAC, lighting, and other building systems in tandem.
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Third, a coupling of other key solar-dependent building systems with the proposed
platform offers significant opportunities for further research. For example, coupling
daylighting, insulation / HVAC, or other building functions with the proposed facade-
integrated photocatalytic-thermal system could enable a more favorable case for building
integration.

Fourth, a key part of integration not yet considered is architectural design integration —
the implications of a panelized fagade system for overall building appearance and design.
A research investigation with architectural designers to revisit the shape and design
constraints of the photocatalytic-thermal system would lead to system that is more
favorably integrated with designers’ workflow — and ultimately, could be adopted not just
for its desirable performance, but its desirable aesthetics, as well.

Fifth, and cutting across all research directions mentioned thus far, are the close adoption
of multi-scalar simulation and modeling tools in the design and development of novel
building systems. While the building science field has been a ready adopter of advanced
simulation software, often times this modeling exists solely at the building scale. To truly
advance the field into new areas of impact, simulations of nano-scale phenomena must be
coupled up to regional-level implications, and simulation and modeling can move from
analytical tools to act as decision support and direction for policy and implementation.

Sixth, and finally, a framework for unifying design and research and development
practices across the nascent building science and engineering research community is
necessary. As the field expands from interventions in control strategies and building
simulation to include the design and development and characterization of novel research-
based systems, best practices for collaboration between architectural designers,
engineering designers, and scientific researchers should be explored and established.
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