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Abstract 

 

Coupling Algae Biofilm Cultivation with Wastewater Treatment for 
Sustainable Biomass Production and Nutrient Recycling 

 

Daniel Martin Campbell, M.S.E. 

The University of Texas at Austin, 2015 

 

Supervisor:  Halil Berberoglu 

 
 The main objective of this study was to model the transport phenomena through 

which algal biofilms are able to recover nutrients contained within secondarily treated 

wastewater and to gauge the potential of hydrothermal liquefaction process water as a 

viable nutrient source.  The cultivation of algae in the form of biofilms has shown 

promise due to this technique’s greater energy return on investment during cultivation. 

These biofilms are known to be nutrient transport limited, thus an understanding 

of the phenomena associated with nutrient transport into algal biofilms is necessary for 

the optimized design and effective implementation of fixed cultivation techniques.  This 

thesis reports a numerical study that investigates the transport of dissolved nutrients from 

wastewater into biofilms and an experimental study of the suitability of hydrothermal 

liquefaction process water as a nutrient source for algal cultivation.   
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 For the numerical study, the biofilm is modeled as a flat surface whose 

composition and growth characteristics were obtained from values in the literature.  The 

fluid over the biofilm is modeled as a one-dimensional flow over a flat surface.  The 

transport of dissolved nutrients was assumed to be diffusion dominated into the biofilm 

and was described through Fick’s law.  A novel derivation of the concentration boundary 

layer was demonstrated for use in a fully developed, thin fluid layer.  The areal algal 

productivity and the nutrient removal rate by the biofilm were determined using the 

generated model and were validated against the literature data.  The results showed that 

biofilm productivity and nutrient removal rates are highly sensitive to the presence of 

boundary layers, with a nearly order of magnitude decrease in productivity within the 

first meter of the modeled reactor.  Finally, a parametric study on the effects of fluid 

velocity and depth on nutrient removal rates was performed. The study indicated the 

nutrient uptake rates increased by 24% with a 50% reduction in fluid depth and increased 

by 118% with a ten-fold increase in fluid velocity  

 In the second part of this thesis, nitrate and phosphate concentrations in the 

process water of hydrothermal liquefaction of municipal biosolids were determined by 

ion chromatography to gauge its potential as a nutrient medium for algal cultivation.  A 

parametric study on the effect of process conditions with the intent of determining the 

best nutrient source for algal cultivation indicated that the aqueous nutrient content was 

largely unaffected by heating rate, but was highly sensitive to the type of biosolid.  
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Chapter 1: Introduction 

1.1 BACKGROUND AND MOTIVATION FOR THE STUDY 

Biological nutrients containing nitrogen and phosphorus serve as fundamental 

building blocks for most life on this planet.  These compounds are consumed in vast and 

unsustainable quantities for agricultural purposes.  According to the United States 

Department of Agriculture, the US consumed 12,840 tons of nitrogen, in various 

molecular forms, and 4,321 tons of phosphate in the form of agricultural fertilizers in 

2011, a 324% and 63% increase respectively from 50 years prior [1].  The large and 

rapidly growing demand for these essential nutrients generates a significant energy need 

and subsequent environmental burden.   The Haber-Bosch process is primarily 

responsible for the production of fertilizer nitrogen, in the form of ammonia, from 

nitrogen gas and hydrogen gas and accounts for approximately 90% of the energy 

consumed by the fertilizer industry.  Best-in-class ammonia plants today are able to 

operate, consuming 28 gigajoules of energy per ton of ammonia, compared with a global 

average consumption of 41.4 gigajoules per ton [2,3].  Ultimately, fertilizer production is 

responsible for about 1.2% of the globe’s energy consumption, and about the same 

portion of the world’s greenhouse gas emissions [3,4].  Beyond the energy and emissions 

implications associated with nitrogen fertilizer production, there are growing concerns 

regarding the future availability of another primary fertilizer component: phosphorus. 
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 While nitrogen is extracted from the abundant supply in the atmosphere of the 

planet, phosphorus is mined and isolated from phosphate rock.  As with any mined 

resource, this creates concerns regarding future depletion.  It is well understood that 

current global food production techniques are heavily reliant upon phosphorus fertilizer 

application, and the production of these fertilizers account for around 90% of mined 

phosphate rock [5,6].  Furthermore, phosphorus lost during mining, fertilizer production 

and subsequent agricultural runoff results in only about 20% of the nutrient in phosphate 

rock actually reaching the food consumed around the globe.  The majority of the essential 

element instead is deposited in aquatic environmental systems and landfills [5].  Nutrient 

pollution in aquatic ecosystems can have dire environmental impacts. 

 Nitrogen pollution, and to a lesser extent phosphorus pollution, results in 

eutrophication and harmful algal blooms.  Excess nutrients contained in agricultural 

runoff and human sewage promote rapid phytoplankton and plant growth as well as toxic 

algal blooms.  When these organisms die, their bacterial decomposition consumes 

dissolved oxygen more rapidly than it can be replaced, resulting in hypoxia, or oxygen 

deficiency [7,8].  This hypoxia results in aquatic habitat destruction, die offs of species 

and a loss of biodiversity [8,9].  Owing to the energy implications of fertilizer production, 

the potential for future phosphorus scarcity and the environmental degradation of nutrient 

pollution there is an obvious need for nutrient recycling methodologies.   

 The cultivation of algae offers an opportunity for the sustainable recovery of 

biological nutrients from effluent streams such as secondarily treated municipal 

wastewater and agricultural runoff [10–12].  These microorganisms have shown promise 
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as a primary ingredient in the production of biofuels, fertilizers, pharmaceutical products, 

livestock feed and even food supplies [13–20].   Algal cultivation in nutrient rich waste 

streams provides the synergistic benefits of sustainable biomass production while 

simultaneously reducing nutrient pollution in receiving waters and reducing the need for 

costly and environmentally deleterious nutrient production.  This microalgae application 

is not however, without its own set of complications and challenges.   

 Typically, algal cells are cultivated as suspensions in open ponds or closed 

photobioreactors (PBRs).  The high water content of these suspensions results in large 

energy demands associated with mixing, pumping and dewatering during cultivation and 

harvest [21–23].  In recent years, the cultivation of algae in biofilms has shown promise 

by significantly reducing the water content of the biomass, and the energy required to 

transform the biomass into a useable state.  While biofilm photobioreactors (BPBRs) are 

less energy intensive and allow for more efficient harvesting of light, they become highly 

limited by the diffusion of nutrient species to the biofilm [23].  Particularly when 

utilizing atmospheric carbon dioxide as the primary carbon source, vertical diffusion 

through the water layer poses an obstacle to the algal growth.   

 Furthermore, the potential for nutrient recovery from wastewater extends beyond 

direct algal growth in secondarily treated waters.  Municipal wastewater sludge, a 

biological byproduct of the treatment process, is rich in organic matter and various 

nitrogen and phosphorus containing nutrients [24].  It has been shown that wastewater 

sludge can be a potential feedstock for hydrothermal liquefaction (HTL), a process 

wherein high temperatures and pressures are used to transform organic matter into 
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hydrocarbon rich biocrude [25–27].  Due to the high water content of the feedstock, the 

process generates a substantial aqueous phase effluent that may contain some, or much, 

of the initial nutrient content.  

 HTL aqueous phase reaction products are of particular interest in this study 

because it may provide a nutrient recovery source for sustainable biofuel production.  It 

has already been demonstrated that algae biomass can be used for HTL feedstock.  In the 

event that this process water contains the necessary nutrients for algal cultivation, it may 

be possible to use the waste stream from HTL biofuel generation process as a primary 

ingredient in the cultivation of the next generation of biofuel feedstock.  This cycle would 

allow for the beneficial disposal of waste and sustainable biofuel feedstock production 

without the need for additional energy intensive fertilizers.        

1.2 OBJECTIVES OF THE STUDY 

This study presents the nutrient recovery modeling and growth of an algal BPBR, 

by combining the kinetics of the algal growth as well as the diffusive transport of 

essential biological nutrients.  Water depth and velocity, nutrient loading, irradiance and 

characteristics of the algae serve as design parameters, and the study aims to understand 

the effect of these parameters on the growth and nutrient removal capabilities of an algal 

BPBR.  Thus, the reactor can be optimally designed for maximum productivity and/or 

nutrient recovery, allowing for their most effective implementation.  The study also 

presents the design and construction of an outdoor BPBR system based on the modeling 

and simulation results obtained here.  Finally, this study considers using the aqueous 
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phase of municipal wastewater sludge that has undergone hydrothermal liquefaction, to 

understand the synergistic potential of coupling HTL and BPBR technologies for nutrient 

removal and recovery.  More specifically, this study aimed at: 

• Characterizing and describing the boundary layer phenomena that govern the 

transport of dissolved nutrients as they apply to an algal biofilm system 

• Creating simplified boundary layer transport models to more easily and 

rapidly approximate the nutrient recovery mechanisms while maintaining 

fidelity to mass transport phenomena 

• Quantifying and optimizing the nutrient recovery performance and algal 

productivity of a BPBR system under the following operation conditions and 

design parameters: 

o Nutrient medium depth 

o Nutrient medium velocity 

o Nutrient loading rate 

o Algal biofilm thickness 

• Design an outdoor BPBR for use in the Austin, TX area with informed design 

and operational parameters determined from the modeling work 

• Characterize the aqueous phase of municipal sludge that has undergone 

hydrothermal liquefaction, specifically to quantify the effect of the following 

operational parameters on nitrate and phosphate concentration: 

o Feedstock type 
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o Reactor heating rate 

o Reaction residence time 

o Feedstock solids content 

1.3 ORGANIZATION OF THE THESIS 

Chapter 2 presents background information on different nutrient recovery 

bioreactor types, previous experimental work in algal nutrient recovery, and background 

information on hydrothermal liquefaction processes and techniques.  Chapter 3 presents 

the mass transfer and algal growth mechanisms that govern nutrient recovery in the 

reactor and the parametric study into the effect of design parameters on nutrient recovery 

rates.  Chapter 4 presents the design of an outdoor algal BPBR, informed by the findings 

on physical and operational parameters identified in this study. Chapter 5 presents a 

parametric study on the effect of hydrothermal liquefaction operational parameters on the 

nutrient composition of the aqueous phase for assessing the suitability of using this 

nutrient source in algal BPBRs.   Finally, Chapter 6 summarizes the main findings of this 

study and presents recommendations for future research. 

  



 7 

Chapter 2: Current State of Knowledge 

2.1 ALGAL NUTRIENT RECOVERY FROM WASTEWATER 

The ability of algae to biologically remove phosphorus and nitrogen containing 

nutrients from wastewater resources has been well documented in numerous studies.  

Oswald et al. noted the symbiosis of algae and bacteria in sewage oxidation ponds in 

1953 [28], suggesting the addition of algae to bacterial digestion ponds could improve 

nutrient removal.  Algae specific treatment for nutrient removal has become a greater 

area of study, as the detrimental effects of eutrophication have come more into focus [8].   

In a study by Tang et al. the wastewater treatment potential of forty-nine strains 

of cold weather cyanobacteria was compared to Chlorococcalean community of green 

algae to explore the viability of each in northern-latitude wastewater treatment processes.  

Though the Phormidium sp. cyanobacteria achieved higher nitrogen removal efficiency, 

the green algae strain displayed greater growth rates in the higher temperature test, 25°C 

[29].  The results showed that not only were algae suitable for wastewater nutrient 

removal, but that the algal community could be tailored to be maximize efficiency in 

different environmental conditions.   

Later studies in the field have sought to improve growth and nutrient removal 

through the use of novel reactor designs.  Craggs et al. published a study on the potential 

for algal wastewater treatment though the use of paddlewheel-mixed high rate algal 

ponds.  The study revealed promising productivities, as high as 30 g/m2-day [30].  

Research into algal nutrient removal has not, however been limited to municipal 
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wastewater supplies, and similar studies have been conducted using wastewater from 

piggeries and dairy farms [12,31,32].  Craggs et al. demonstrated the superiority of algal 

Advanced Pond Systems over Waste Stabilization Ponds in their greater reduction in 

biological oxygen demand, total suspended solids and nitrate removal [12].  Similarly, 

Woertz et al. demonstrated 96% and 99% removal of ammonium and orthophosphate 

respectively from dairy wastewater by green algae treatment [31].  The works of Craggs, 

Woertz and An additionally sought to determine the viability of wastewater fed green 

algae as a sustainable source for biofuel feedstock [30–32]. 

2.2 NUTRIENT REMOVAL AND MODELING OF ATTACHED CULTIVATION SYSTEMS 

Studies regarding the growth and nutrient uptake of algal biofilms have been 

performed in laboratory settings as well as in natural lakes and streams.  Marks and Lowe 

reported an approximately 5-fold increase in algal productivities when the water of a test 

lake was enriched with nitrogen and phosphorus [33].  Similarly, Lohman et al. reported 

an approximately 6-fold increase in algal biofilm productivity in streams that were 

fortified with nitrogen and phosphorus [34].  The body of work regarding algal biofilm 

growth has not been limited to the effects of nutrient loading.  Sperling and Grunewald 

reported productivities in benthic algae cultivated with water flowing at 2 cm/s to be 48% 

of that compared to streams at 45cm/s [35].  Additionally, Whitford and Schumacher 

demonstrated a linear trend between phosphorus uptake rates by an algal biofilm and 

fluid velocity up to 40 cm/s [36]. 
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Further, algal nutrient recovery from wastewater has also been explored in 

attached cultivation systems through algal mats, or algal turf scrubbers (ATS).  Kebede-

Westhead et al. studied the effect swine manure effluent loading rate had on algal 

productivity and nutrient recovery in a bench-scale ATS.  The study indicated that the 

productivity and nutrient recovery rate increase with increasing loading at lower rates, 

but show no further change at very high loading rates [37].  Similarly, Craggs et al. 

demonstrated high productivities and phosphorus removal rate, 35 g/m2-day and 0.73 

g/m2-day respectively, in a 152.4m long ATS that supplied waves of secondary effluent 

from an evaporation pond [38]. 

 Biofilm modeling studies have sought to understand many different aspects of 

these growths, ranging from models of bacterial biofilm growth, as established by Liao et 

al. to structural models of an algal biofilm’s characteristics, such as porosity and surface 

properties as presented by Picioreanu et al. [39,40].  The PHOBIA model, presented by 

Wolf et al. focuses on the interactions between different microbial groups including 

phototrophic, heterotrophic and chemotrophic microbes, and describes the potential of 

these polyculture biofilms for wastewater nutrient removal [41].  Finally, Liehr studied 

the effect of concentration boundary layer on the speciation and flux of carbon into a 

carbon and light limited algal biofilm [42]. 

 The above studies have helped identify effective methods for cultivating algae 

and using the microbes to recover nutrients from various wastewater sources.  Similarly, 

these studies identified fundamental characteristics of algal growth and outlined the effect 

of various wastewater characteristics and operational parameters on biofilms in 
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experimental settings.  Though extensive work has been done demonstrating the 

capability of BPBR systems to remove nutrients, the local productivity and nutrient flux 

on a wastewater fed system are of interest for their optimized design and effective 

implementation.  The model presented in this thesis fulfills that role by predicting these 

local output parameters, and identifying the primary barriers to effective nutrient 

recovery such that the design and operation of future BPBR systems can be tailored to 

maximize the user’s desired output.   

2.3 THE AQUEOUS PHASE COMPOSITION OF HTL REACTION PRODUCTS 

Hydrothermal liquefaction (HTL) is a thermochemical process through which 

biomass slurries are exposed to high temperatures and pressures in an effort to produce 

biocrude oil.  This biocrude oil from HTL reactions can be refined into similar 

hydrocarbon products as traditional petroleum crude [43].  The biocrude is produced by 

exposing a biomass slurry to temperatures on the order of 200-350 °C and pressures of 

approximately 5-15 MPa [27].  As a result, the organic fraction of the biomass begins to 

undergo a series of chemical reactions that produce carbon rich biocrude.   

 Municipal wastewater treatment sludge is a high water content biosolids waste 

stream generated through the wastewater treatment process.  This waste stream is of 

interest for sustainable biofuels production due to the quantity of the available feedstock, 

and its need for disposal.  Current disposal techniques include landfilling or land 

application, the latter of which requires extensive processing.  Further, over 7 million 

tons of dry anaerobically digested sludge is generated annually in the United States, with 
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only around 60% being utilized in beneficial applications [44].  Incorporating municipal 

wastewater sludge in biofuel production through HTL could provide the synergistic 

benefit of producing valuable biocrude products while simultaneously eliminating some 

of the need for the sludge processing and ultimate disposal.   

HTL as a biofuel production technique is well suited for wastewater sludge 

conversion due to its ability to produce biofuels without requiring expensive and energy 

intensive biomass drying [27].  That ability is of extreme importance when working with 

municipal wastewater sludge, which is typically comprised of over 90% water.  That 

water is not, however, incorporated into the biocrude products and instead remains in its 

own aqueous phase.  Previous work done on HTL conversion of algae biomass has 

indicated that this aqueous phase can be rich in biological nitrogen and phosphorus 

containing nutrients.   

 Much of the work done in HTL of biomass focused on maximizing the heating 

value of the biocrude, and by extension minimizing the amount of nitrogen, oxygen and 

other elements incorporated in the hydrocarbon products.  Considering the conservation 

of species, it becomes apparent that these elements, which were part of the biomass, will 

likely reside largely in the aqueous phase of the HTL products.  Jena et al. demonstrated 

the potential for recovering nutrients from aqueous phase products by cultivating 

microalgae in the aqueous effluent from a different algal strain that had undergone HTL 

processing [45].  Similarly, Biller et al. characterized the HTL aqueous effluent resulting 

from conversion of four different algal strains, notably quantifying the concentrations of 

total nitrogen, phosphate ion and nitrate ion.  In the tests done by Biller et al, the nitrate 
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concentrations, ranging from 192 mg/L to 508 mg/L, represented less than 10% of the 

total nitrogen in the process water, ranging from 3139 mg/L to 8136 mg/L.  The nitrate 

concentration in the process water of each test was consistently lower that the 

concentration in 3N-BBM +V standard growth medium, 547 mg/L.  Conversely, the 

phosphate concentrations, ranging from 280 mg/L to 3109 mg/L, were consistently 

higher than that present in the standard growth medium, 153 mg/L, as much as 20 times 

greater [46].  Additionally, Biller, et al. tested the process water for total organic carbon 

(TOC) using a TOC analyzer, ammonium through colorimetry, and trace metals using an 

inductively coupled plasma spectrometer. These additional aqueous products are outside 

the scope of the study presented here.  While these studies serve to demonstrate the 

ability of key biological nutrients to remain in the aqueous phase following HTL of 

biomass, the primary focus has remained on various algae strains as the initial feedstock.  

This study for the first time reports the aqueous phase nutrient concentrations in the 

hydrothermal liquefaction process water from municipal wastewater sludge.  
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Chapter 3: Nutrient Recovery Modeling 

This chapter presents a numerical study on nutrient recovery rates and algal 

productivity in a wastewater fed algal biofilm photobioreactor.  Included are a derivation 

of the appropriate boundary layer thickness in the reactor as well as a parametric study on 

the effect of operational parameters on nutrient recovery rates. 

3.1 MODEL ANALYSIS 

3.1.1 System Definition 

The biofilm photobioreactor is modeled as a flat, horizontal plate of length 1m, 

with a slow flowing fluid layer flowing down its length.  As can be seen in Figure 3.1, 

below, the x-axis is oriented horizontally in the direction of the reactor’s length, with the 

y-direction oriented vertically across the fluid’s depth.  The boundary layer effects are 

expected to diffuse through the depth of the water on length scales of approximately 1 

meter, so this length was chosen to highlight the effect of those boundary diffusive 

resistances.  The z-direction is not considered in this model due to the symmetry of the 

problem, and is assumed as unit width.  The reactor was discretized along its length, x-

axis, to determine the productivity at each point along the reactor’s length.  The only 

dissolved species considered are nitrate, phosphate and bicarbonate supplied from the 

atmosphere.  Nitrate and phosphate were chosen as primary nutrients of focus as there 

has been extensive work using algae to remove these from municipal and agricultural 

waste streams [9,11,31,38,47]. Other minerals and salts are considered trace.  
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Bicarbonate is chosen as the primary carbon source as it is the dominant species of 

inorganic carbon in the pH range of 7-10 [47].  Liehr, et al. demonstrated that the 

speciation of inorganic carbon and associated pH gradient that forms in the concentration 

boundary layer affects, and ultimately decreases, the flux of inorganic carbon to the 

biofilm [42].  It was also shown that the reaction kinetics associated with inorganic 

carbon speciation and the pH gradient in that fluid layer above a biofilm are highly 

complex and non-linear.  For this reason and due to the bicarbonate dominance at the 

bulk pH range considered, other forms of inorganic carbon are not considered. 

 

Figure 3.1: System Diagram (not to scale) 

3.1.2 Assumptions 

To make the problem tractable, the following assumptions were made.  (1) The 

algal layer is assumed as being a perfectly flat, mature biofilm with constant thickness 

and density across the flat base of the reactor.  (2) The fluid layer is assumed as 25oC 
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water.  (3) The fluid layer is assumed to be of constant depth with a velocity component 

only in the positive x-direction.  (4) The surface irradiance is assumed to be constant 

across the reactor’s length.  The productivity within each discretized location is assumed 

to be volumetrically constant.   

(5) Due to the low fluid velocities used in the model, the flow is assumed to be in 

the laminar regime.  While a turbulently mixed fluid layer would decrease the diffusive 

resistance of nutrients moving toward the biofilm, the model is intended to simulate a 

passive reactor with low energy input, similar to that described by Ozkan et al. [23] and 

Murphy and Berberoglu [48].  Due to the slow velocities used in the model, 1mm/s, the 

fluid is not expected to reach turbulence within the 1m of interest.  (6) The velocity 

profile within the reactor is assumed to be hydrodynamically fully developed.  With the 

low velocities and shallow depths considered within this model, the Blasius solution 

indicates that momentum boundary layer would diffuse through the fluid depth rapidly 

and the complex fluid motions associated with flow development are outside the scope of 

this study.  As such, to make the problem more tractable, that initial entrance length is 

ignored and the hydrodynamic effects are assumed to be fully developed. (7) The 

concentration of carbon in the flowing medium at the open surface, prior to decrease 

across the boundary layer, is assumed to be always in equilibrium with that in the 

atmosphere.  Finally, (8) a quadratic concentration profile is assumed for simplicity. 
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3.1.3 Model Description 

The model is designed to calculate the photosynthetic productivity and nutrient 

fluxes in an established biofilm.  When modeling the uptake of nutrients in the system, 

the biofilm thickness is kept as constant.  To determine the photosynthetic activity, the 

model balances the flux of nutrients into the biofilm due to its productivity with the flux 

possible through the diffusive resistance of the species across the fluid layer. This method 

is utilized to confirm the validity of the model with experimental results reported in the 

literature. 

3.2 GOVERNING EQUATIONS 

3.2.1 Algal Growth 

The photosynthetic productivity of the algal biofilm was modeled using the 

Monod function for microbial growth.  The Monod function defines the total growth rate 

of the algae, 𝜇!"! expressed in s-1, as the multiplicative product of individual growth rate 

factors associated with nutrient concentrations and irradiance and a maximum potential 

growth rate for the algae, 𝜇!"# expressed in s-1 [47,49]. 

𝜇!"! =   𝜇!"#
!!"#

!!,!!  !!"#!  
!!"#!

!!,!

   !!

!!,!!!!!  
!!
!

!!,!

!                              (3.1) 

where Ci term refers to the concentration of the nutrient in question expressed in mol/L 

and Gpar refers to the photosynthetically active portion of the irradiance defined in W/m2.  

The Ks and Ki terms represent the half saturation and inhibition constants for each 

nutrient as well as irradiance, expressed in the same units as concentration and Gpar.  



 17 

These constants are explained in more detail in the Closure Laws section.  Though there 

are numerous nutrients required for the growth of microorganisms, carbon, nitrogen and 

phosphorus were the only three considered in this study.  This decision was made both 

because of the need to remove nitrogen and phosphorus from wastewater effluent, but 

also because other minerals such as potassium, calcium and magnesium are trace 

elements with very small quantities required [50]. 

 To determine the nutrient fluxes induced by the photosynthetic activity of the 

algal biofilm, the productivity is required.  The areal productivity is the product of the 

areal mass and the growth rate, as described below in Equation (3.2). 

𝑃 =   𝜌! ∗   𝑡! ∗   𝜇!"!                                                 (3.2) 

 In the above equation, P refers to the local areal productivity of dry biomass in 

kg/m2-s, 𝜌! is the dry density of the biofilm biomass in kg/m3 and tb is the biofilm 

thickness in meters.  

3.2.2 Mass Flux Across the Boundary Layer 

Assuming fluid flow to be entirely laminar, diffusion becomes the only 

mechanism for vertical transport of mass species through the fluid layer and into the 

biofilm.  In the absence of consumption or production of nutrient species in the fluid 

layer, Fick’s Law of Diffusion is used to describe the diffusion of dissolved species to the 

biofilm.  Since diffusion is the only vertical transport mechanism, and bulk fluid flow is 

the dominating horizontal effect, the diffusive transport is defined as [23,42]; 

𝐽! =   
!!
!!
(𝐶!,! −   𝐶!,!)                                             (3.3) 
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where Ji is the areal flux of a species of nutrients expressed in mol/m2-s, Di refers to the 

diffusivity of the nutrient species in question in m2/s.  Though the diffusivity of a certain 

species can vary with temperature, these terms are left as constants in this analysis due to 

the previous constant temperature assumption.  Ci,b and Ci,s are the concentrations of the 

species in the bulk flow and at the surface of the biofilm respectively, both expressed in 

mol/m3 for unit continuity.  Finally, hi refers to the distance across which a species is 

diffusing, in meters, which in this model refers specifically to the concentration boundary 

layer thickness of a particular species.   

3.2.3 Concentration Boundary Layer Thickness 

The concentration boundary layer growth in a hydrodynamically fully developed 

flow over a flat plate is not explicitly defined, and had to be derived for this model.  The 

following derivation seeks to determine the thickness of the concentration boundary layer 

in a laminar, hydrodynamically fully developed, gravity driven flow with the coordinates 

shown in Figure (3.1). 

3.2.3.1 Velocity Profile 

The boundary layer analysis begins with the determination of the fluid’s fully 

developed velocity profile.  In a one-dimensional, laminar, steady flow along a flat 

surface open to the atmosphere, the Navier-Stokes Equation simplified to: 

0 = 𝜌𝑔 sin𝛼 +   𝜇 !!!
!!!

                                          (3.4) 
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where 𝜌 is the fluid’s density in kg/m3, 𝜇 is the fluid’s viscosity in N-s/m2 and 𝛼 

represents the angle of inclination between the surface of the bioreactor and the 

horizontal.  It is important to note that here, the x-axis is aligned parallel to the surface 

for simplicity and the y-axis is oriented perpendicular to the surface in the direction of the 

fluid’s depth.  As such, u refers to the fluid velocity in m/s parallel to the surface and 

𝑔 sin𝛼 refers to the component of the gravitational acceleration also parallel to the 

surface.  Upon double integration of Equation (3.4), the velocity profile is obtained as, 

𝑢 = ! !"# !
!!

𝑦! +   𝐶!𝑦 +   𝐶!                                         (3.5) 

where both C1 and C2 are constants of integration.  The specific weight, 𝛾, is used to 

replace the product of the density and gravity and is in terms of N/m3. The two boundary 

conditions used in the analysis are a no-slip condition at the surface (y=0) and a zero-

shear assumption at the fluid’s interface with the atmosphere (y=b) where b is the fluid’s 

thickness from the surface in meters.  The zero-shear assumption is a common 

assumption in water flows open to the atmosphere due to the very low velocity gradient 

at the water’s surface caused by the stagnant gas layer above.  When the boundary 

conditions are applied to Equation (6), the final velocity profile is can be written as, 

𝑢 =    !  !"#  (!)
!

  (𝑏𝑦 − !!

!
)                                           (3.6) 

3.2.3.2 Concentration Profile and Displacement Thickness 

For this derivation, the concentration profile is assumed to be parabolic.  As is 

explained in Kay, 1985, higher order or quarter sine wave profiles can be used to describe 
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the concentration profile in flow over a flat, reactive surface such as this, yielding very 

mild increases in accuracy [51].  The concentration profile is therefore assumed as, 

𝐶 =   𝐴! +   𝐴!𝑦 +   𝐴!𝑦!                                           (3.7) 

where C refers to the local concentration of a particular species in mg/L and A0, A1 and 

A2 are constants of integration.  The three boundary conditions applied in this problem 

are that the concentration at the biofilm interface (y=0) is equal to Cs, the concentration at 

the boundary layer-free stream interface (y = 𝛿!) is equal to the bulk flow concentration 

Cb and finally, across the boundary layer-free steam interface there is no mass in the 

vertical direction (!"
!"
= 0).  When the boundary conditions are applied to Equation (3.7), 

the concentration profile is written as, 

!!  !!
!!!  !!

=   2 !
!!

− !
!!

!
                                           (3.8) 

where 𝛿! is the concentration boundary layer thickness at a certain location downstream 

in meters.  The concentration-displacement thickness, 𝜃!, is a commonly used term in 

boundary layer solutions.  Rather than describing the bulk mass transport of a dissolved 

species using a continuous concentration gradient across the fluid depth, the 

concentration-displacement thickness is used to calculate a much more simple, but still 

mathematically accurate species transport model.  The concentration profile in Equation 

(3.8) describes a gradient that increases continuously from Cs at the fluid-biofilm 

interface (y=0) to Cb at the concentration boundary layer thickness (y=δc) and the bulk 

flow above.  The concentration-displacement thickness describes the length from the 

biofilm surface below which the concentration can be modeled as a constant Cs and above 
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which the concentration can be described as a constant Cb.  This non-continuous profile 

describes the exact same dissolved species mass flow rate in the fluid layer, but is far 

simpler for mathematical manipulation.  The concentration-displacement thickness 

allows for a simplified conservation of mass expression and is used to solve for the 

concentration boundary layer thickness.  According to Kay, 1985, for flow over a flat, 

reactive surface, this can be written as [51]: 

𝜃! =   
!
!!

!!
!    !!!!

!!!  !!
𝑑𝑦                                           (3.9) 

where ub refers to the bulk flow velocity in m/s.  In the case of this problem it is more 

accurately described as the velocity on the water’s surface and is a constant.  Equations 

(3.6) and (3.8) can be substituted into Equation (3.9) to yield, 

𝜃! =   
!  !"#  (!)
!  !!

   𝑏𝑦 −   !
!

!
   1− 2 !

!!
+    !

!!

!!!
!   𝑑𝑦                  (3.10)  

 When integrated across the depth of the concentration boundary layer, which at 

this time is an unknown variable, the concentration-displacement thickness is Equation 

(3.10) simplifies to, 

𝜃! =
! !"# !
!  !!

!!
!

!"
5𝑏 −   𝛿!                                      (3.11) 

 The concentration-displacement thickness will subsequently be used in a 

conservation of mass expression to solve for the concentration boundary layer thickness. 

3.2.3.3 Conservation of Mass 

 As the fluid flows down the length of the reactor, a portion of the dissolved 

nutrients are absorbed by the algal layer at the surface and the rest continues downstream.  
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The concentration-displacement thickness refers to a height above the reacting surface 

and is based upon a constant non-zero concentration above that height and a zero 

concentration below that height.  Therefore by conservation of mass, the rate of change of 

the concentration-displacement thickness of a certain dissolved species can be related to 

the surface flux of that same species as [51], 

𝒟 !"
!" !

=   𝑢! 𝐶! −   𝐶!
!!!
!"

                                          (3.12) 

where 𝒟 is the diffusivity of the dissolved species in question, expressed in m2/s. 

3.2.3.4 Concentration Boundary Layer Thickness 

 At this point, all of the necessary information for determining the concentration 

boundary layer thickness is known.  The rate of change of concentration in the y-

direction, the derivative of Equation (3.8), and the definition of the concentration-

displacement thickness in Equation (3.11) can each be substituted into the conservation 

of mass expression in Equation (3.12) as, 

𝒟 ! !!!  !!
!!

=   𝑢!   𝐶! −   𝐶!
!
!"

! !"# !
!  !!

!!
!

!"
5𝑏 − 𝛿!               (3.13) 

 This expression can in turn be simplified to, 

!  𝒟  !
!!  !  !"#  (!)

  𝑑𝑥 = 𝑑 !  !!
!

!"
− !!

!

!"
= !  !!

!
− !!

!

!"
𝑑𝛿!                 (3.14) 

 Following one final integration on both sides of the expression and a 

rearrangement of terms, the concentration boundary layer thickness, δc, is defined as, 

𝛿!
!    !

!"
−    !!

!"#
=    𝒟  !  !

!  !"#  (!)
                                         (3.15) 
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where x refers to the downstream location in meters.  The above expression does not have 

a simple analytical solution, but is instead solved numerically within the larger context of 

the nutrient uptake and productivity model.  It is of greater use for practical purposes, to 

present the concentration boundary layer thickness as a function of the average fluid 

velocity, rather than the angle of inclination of the reactor.  By integrating the velocity 

profile in Equation (3.6) across the fluid’s depth and dividing by the depth of the reactor, 

the average velocity within the reactor can be found as, 

          𝑢!"# =
! !"# !

!
!!

!
                                           (3.16) 

 The relationship between average velocity and angle of inclination presented in 

Equation (3.16) can then be substituted back in Equation (3.15) to yield the final form of 

the concentration boundary layer formulation, 

𝛿!
!    !

!"
−    !!

!"#
=    𝒟  !  !

!

!  !!"#
                                          (3.17) 

3.2.4 Approximate Concentration Boundary Layer Thickness Derivations 

 As the above, rigorous concentration boundary layer formulation must be solved 

numerically it introduces a greater computational burden on determining the uptake of 

nutrients in the system.  It is therefore of use to introduce simplified boundary layer 

approximations to reduce computational time when running the model.  The first 

equation that will be used as a boundary layer approximation in this study is the standard 

concentration boundary layer formulation from the Schmidt number correlation solution 

[52], 
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𝛿! = 0.6  𝑆𝑐!!/!  𝛿                                                 (3.18) 

where Sc refers to the dimensionless Schmidt number of the species in question and 𝛿 is 

the hydrodynamic boundary layer thickness in meters, derived from the Blasius solution.  

The hydrodynamic boundary layer is in turn defined as [52], 

𝛿 = 4.91𝑥/ 𝑅𝑒                                                 (3.19) 

where x again refers to the downstream distance, in meters, and Re refers to the 

dimensionless Reynolds number.   

This concentration boundary layer formulation is not rigorously accurate for this 

application, as it assumes a continuously growing momentum boundary layer.  With the 

shallow depth, 1cm, and very slow fluid velocity, 1mm/s, the fluid becomes 

hydrodynamically fully developed prior to the 1-meter length of the reactor, at 

approximately 42cm downstream. As such, for more than half the reactor length, the 

correlation used in Equation (3.18) to determine the concentration boundary layer 

thickness is no longer valid.  The breakdown in this correlation’s validity is the primary 

reason the complex concentration boundary layer thickness shown in Equation (3.17) had 

to be derived.  This correlation will nonetheless be tested and compared to the more 

rigorously derived concentration boundary layer thickness shown in Equation (3.17) to 

judge its potential as a computationally simple approximation technique.   

 The second concentration boundary layer approximation that will be tested differs 

from the first in that it does not assume a continuously growing hydrodynamic boundary 

layer, but instead assumes a constant, linear velocity profile in the fluid medium.  As is 

explained in Kay and Nedderman, when momentum diffuse more rapidly than dissolved 
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species in a fluid, as is the case here (Sc > 1), the velocity profile in the fluid can be 

approximated as linear in the region near the solid surface.  In a fluid with a linear 

velocity profile the concentration boundary layer thickness of a dissolved species is 

defined as [51]: 

𝛿! = (!"𝒟"
!
)!/!                                                  (3.20) 

where the concentration boundary layer thickness, 𝛿!, is specific to each species and is 

expressed in meters, 𝒟 again refers to the species’ diffusivity in m2/s and c refers to the 

velocity gradient, and is described as: 

𝑐 =   !!"#
!

= !∗  !!"#
!

                                                (3.21) 

 This concentration boundary layer thickness formulation is also not rigorously 

accurate, as it would pertain only to the region near the reactor surface, when the 

concentration boundary layer is still relatively thin.  As with the boundary layer 

formation in Equation (3.18), this linear velocity gradient assumption will be tested to 

gauge its potential as a valid approximation. 

3.3 CLOSURE LAWS 

3.3.1 Algal Growth Parameters 

 The Monod function is an empirical formulation and the constants used are 

specific both to the nutrient in question and the species of algae.  The terms are found 

experimentally.  These terms are, however, not available for every species of algae, as 

most have not been experimentally tested.  The constant values used in this study, in 
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Table 3.1, are representative of the algae species Anabaena Variabilis.  The algae dry cell 

density and heating value of the biomass, however, are taken from biofilm studies by 

Ozkan and Berberoglu using Botryococcus Braunii [23].  The dry cell density and heating 

value were reported as 96.4 kg/m3 and 28.3 MJ/kg respectively, and are assumed to not 

fluctuate greatly based on algae species.  All of these constants are left as input variables 

in the model, and can be tailored to represent any benthic species for which there is 

sufficient data.   

Table 3.1: Half-saturation and inhibition constants [47,53,54] 

Nutrient KS,i KI,i 

Bicarbonate 2.0 x 10-4 M 1.82 x 10-2 M 

Nitrate 5.0 x 10-4 M - 

Phosphate 1.7 x 10 -5 M - 

Irradiance 38 W/m2 400W/m2 

3.3.2 Algal Stoichiometric Parameters 

 As the biomass grows, it necessitates a flux of required nutrients into the biofilm.  

The rates at which the biofilm consumes these nutrients can be correlated to the 

stoichiometry of the algae cells [47].  As such, elements that comprise a large portion of 

the cellular mass, like carbon, require much higher fluxes to maintain a given level of 

productivity than elements with a small constitutive portion.  This stoichiometric 

methodology introduces a certain level of uncertainty, due to the versatility and 

adaptability of the algal cells.  They can grow in a wide variety of water supplies, and it is 

reasonable to assume that the total elemental composition of the cells would be somewhat 
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fluid, adjusting to the nutrient levels present in the water supply.  Table 3.2, below, 

illustrates the variability in algae stoichiometry by comparing the ratio of carbon, 

nitrogen and phosphorus in various phytoplankton species.   

Table 3.2: Molar C:N:P ratios of various phytoplankton species [55] 

 
C N P 

Green Algae 
  

  
Dunaliella tertiolecta 222 38 1 
Pyramimonas parkeae 475 17.6 1 
Nannochloris atomus 173 25 1 
Pycnococcus provasoli 191 27 1 
Tetraselmis sp. 199 26 1 
Gymnodinium chlorophorum 137 16.6 1 

Red Dinoflagellates 
  

  
Prorocentrum minimum 135 11 1 
Amphidinium carterae 126 18 1 
Thoracosphaera heimii 112 6.4 1 

Coccolithophores 
  

  
Emiliania huxleyi 237 8.8 1 
Gephyrocapsa oceanica 224 7.3 1 

Diatoms 
  

  
Ditylum brightwellii 45 5.4 1 
Thalassiosira weissflogii 86 13.6 1 
Nitzschia brevirostris 42 6.8 1 
Thalassiosira eccentrica 75 7.8 1 

Average 165 15.7 1 
Standard Deviation 107 9.7 

 
   

  
Green Algae Average 233 25.0 1 
Green Algae St. Dev. 122 7.7 

   

 A representative green algae carbon, nitrogen and phosphorus ratio of 165:15.7:1 

is used as an approximation [55].  Using this standard stoichiometry, the yield of biomass 

corresponding to each specific nutrient can be found as 126.9 grams of dry biomass per 
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mol of nitrogen, 3177.9 g/mol of phosphorus and 13.6 g/mol of carbon.  Because of the 

diffusive resistance across the fluid layer, the concentrations used in Equation (3.1) to 

determine the algal growth are not those present in the bulk fluid, but rather those present 

at the algal surface.  As the growing biofilm consumes nutrients and generates a flux of 

these species into the biomass, the diffusive resistance results in a concentration gradient 

across the fluid’s depth.   

3.3.3 Wastewater Medium Characteristics 

 The wastewater characteristics used in this study were meant to represent tertiary 

wastewater that had already undergone primary and secondary clarification and digestion.  

Tertiary wastewater characteristics vary widely across the literature, with nitrate and 

phosphate concentrations spanning orders of magnitude due to varying wastewater inputs 

and treatment procedures.  As a base case, nutrient concentrations were estimated as 25 

mg/L and 3 mg/L for nitrate and phosphate respectively [56,57], representing an upper 

estimate from reported values.   

3.3.4 Reactor Dimensions 

 The reactor dimensions were adopted to mimic similar systems from the 

literature.  The reactor length was initially set for 1 meter.  As previous stated this is the 

length scale of interest for the development of concentration boundary layers in this 

shallow, slow moving fluid layer.  The biofilm thickness was initially assigned as 5 mm, 

the same depth used in Murphy and Berberoglu’s biofilm evaporative loss model [48].  
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The wastewater depth was established as 0.01m, or 1cm, a similar fluid depth to the 

reactor design presented by Ozkan [23]. 

3.4 DISCRETIZATION AND METHOD OF SOLUTION 

3.4.1 Ensuring Results were Independent of Discretization Level 

 The photobioreactor’s length was discretized linearly.  For the level of 

discretization, the reactor was truncated into 300 individual finite lengths, 3.33mm each.  

This level of discretization was chosen to reduce computational time without sacrificing 

accuracy.  When the reactor was discretized with twice that resolution, 600 individual 

lengths, the simulated wastewater nutrient removal rates changed by less than 0.1% while 

the computational time increased by approximately 50%.   

3.4.2 Method of Solution 

 The model was numerically solved by a flux balancing methodology similar to 

that utilized by Murphy [47].  The flux of a nutrient into the biofilm required to maintain 

a given productivity can be found using Equation (3.22), below.   

𝐽! =
!
!!

                                                         (3.22) 

where, P refers to the local productivity in the biofilm in kg/m2-s, Ji refers to the flux of a 

given nutrient into the biofilm and Yi refers to the yield associated with each species.  

Equation (3.22) was solved iteratively with Equation (3.3) for each nutrient through 

varying surface concentration.  The fluxes in Equations (3.3) and (3.22) were equal for 

each nutrient only at the point where the concentration gradient and concentration present 
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at the biofilm surface resulted in a level of productivity that induced that same 

concentration gradient.  Here, the nutrient flux induced by the biofilm growth was equal 

to the flux from the resulting concentration gradient.   

 At the first discretized location, at the reactor’s entrance, the boundary layer 

thickness was calculated for each species numerically and initial guesses for the 

productivity were made.  With the boundary layer thicknesses known, the productivity of 

the biofilm and the flux of nutrients were solved using a bisection method.  Two outside 

boundaries for the productivity were assigned for the model, 0 g/m2-day and 20g/m2-day.  

The lower bound was chosen to ensure the model converged upon a positive productivity 

solution and the upper bound was chosen to represent an arbitrarily large productivity, 

considerably higher than values that had been reported in the literature for similar 

systems.  The bisection method operates by using these initial values as well as the value 

at the midpoint of the initial values, in this case 10g/m2-day.  At all three of these 

locations, these productivities were used as the initial productivity “guesses.”  With the 

initial “guesses” made, Equation (3.22) was used to determine the flux of each nutrient 

into the biofilm resulting from all three productivity “guesses”, and then Equation (3.3) 

was used to determine the corresponding effective concentration of each species at the 

biofilm’s surface.  These surface concentrations were then used in Equations (3.1) and 

(3.2) to determine the productivity “checks” associated with those nutrient 

concentrations, again done in triplicate for each of the three productivity “guesses.”   

 These productivity “guesses” were subtracted from the productivity “checks” in a 

term referred to as the “difference.”  When the value of the “difference” was equal or 
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very near to zero, it meant the productivity in the biofilm matched the necessary flux of 

nutrients into the biofilm.  The model then determined which of the two initial bounding 

productivities resulted in a “difference” of the opposite sign as the midpoint productivity, 

implying that productivity with a “difference” of near zero lay between the initial bound 

and the midpoint.  Finally, the midpoint and the productivity bound with “differences” of 

opposite signs were input as the new initial bounds and the bisection was repeated.  Thus, 

the model continuously bisected the possible productivities until converging upon a 

solution where the nutrient fluxes and productivities were balanced, within the preset 

tolerance.  The tolerance chosen for the simulation’s convergence was set to 

0.00001g/m2-day or 0.01mg/m2-day.  When the tolerance was set smaller, the model’s 

solutions changed less than 0.01%.  Further, for practical applications, 0.01mg/m2-day is 

almost certainly within the uncertainty of experimental measurements.  Finally, this 

process repeated to the end of the modeled reactor.  An algorithm map representing the 

method of solution is presented below in Figure 3.2. 
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Figure 3.2: Algorithm map of the method of solution. 
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3.5 RESULTS AND DISCUSSION 

3.5.1 Model Validation 

 First, the model was validated against the experimental data reported by four 

independent studies in the literature.  The model was designed to be similar to the system 

used by Ozkan and Berberoglu [23], and their data provided the initial confirmation.  The 

depth and velocity of the fluid layer and length of the reactor in their experiments were 

not explicitly given, but rather were interpreted based upon the provided angle of 

inclination, volumetric flow rate and surface area.  After 35 days of growth, Ozkan and 

Berberoglu reported a total biofilm thickness of 278±21μm, an average daily productivity 

of 0.71±0.06g/m2-day and a solar conversion efficiency of 2.02±0.17% [23].  By 

comparison, in the same settings the model presented here predicted an average daily 

productivity of 0.75g/m2-day for a solar conversion efficiency of 2.11%.   

 Moreover, attempts were also made to recreate the effects of flow conditions and 

nutrient concentrations on observed growth rates.  Sperling and Grunewald reported 

biomass productivities of an algal biofilm in fluid moving 2cm/s to be only 48% of that in 

a similar biofilm with fluid flowing at 45 cm/s [35].  Under similar settings as these 

experiments, the model predicted the biofilm exposed to 2cm/s fluid flow to display only 

35% the growth seen in the biofilm exposed to faster flow, 0.352 g/m2-day as opposed to 

0.997 g/m2-day.  The difference can be attributed to enhanced mass transport due to 

turbulence effects arising from the real biofilm’s surface roughness and the higher 

velocity.   
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 Whitford and Schumacher reported the phosphorus uptake rate of benthic biofilms 

to be directly proportional to the fluid velocity, from about 7cm/s up to 40cm/s [36],  

Under these conditions, the model displayed results consistent with the literature as the 

phosphorus uptake rate within this velocity interval was also linear with a goodness of fit 

of 0.98. 

 Marks and Lowe studied the effect of nutrient enrichment on the growth of 

benthic lake biofilms and found an approximately fivefold increase in biomass 

accumulation in algae fortified with 0.05M phosphate and 0.5M nitrate solutions [33].  

Under the same conditions, the model predicted the productivity of the biofilm to be 5.29 

times higher when simulated with nutrient fortified fluid medium as compared to the 

control, near the expected approximate fivefold increase.   

3.5.2 Nutrient Removal Rates and Algal Productivity 

The modeled reactor, along a 1m length, achieved an average nitrate removal rate 

of 2.23mg/m2-hr and a phosphate removal rate of 0.136mg/m2-hr.  These results were 

achieved with a bulk velocity of 1mm/s, a depth of 1cm, nitrate and phosphate 

concentrations of 25 mg/L and 3 mg/L respectively and irradiance of 100 W/m2 GPAR.  

The local uptake rates of nitrate and phosphate were highly dependent upon the position 

within the reactor. Figure 3.3 shows that the nitrate uptake rate within the photobioreactor 

decreases exponentially along the length of the reactor.   
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Figure 3.3: Nitrate uptake rate as a function of downstream location within the 
photobioreactor when velocity=1mm/s, depth=1cm, and biofilm 
thickness=5mm.  The downstream location is plotted on a logarithmic scale. 

 It is important to note that the downstream distance is plotted on a logarithmic 

scale, to more clearly demonstrate the exponential effect that the growing diffusive 

resistance has on the uptake rate of nitrate.  In the purely laminar system, the nitrate 

uptake rate decreases by approximately 89% in the first meter, from 12.8 mg/m2-hr to 

1.47 mg/m2-hr.  This decrease in removal rate is purely the result of decreased 

productivity, owing to increased diffusive resistance.  The phosphorus uptake rate 

displays the same trend as the nitrate uptake rate, because these rates are based on a 

stoichiometric relationship to the productivity of the algae.  Due to its lower 

stoichiometric requirement, higher molar mass and lower diffusivity, the phosphorus 

uptake rate trends identically to that of nitrate, but at a 16.4 times lower rate.  Figure 3.4 
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shows the areal productivity of the algal biofilm as a function of downstream distance, 

again with distance plotted on a logarithmic scale.   

 

Figure 3.4: Algal productivity as a function of downstream location within the 
photobioreactor when velocity=1mm/s, depth=1cm and biofilm 
thickness=5mm.  The downstream location is plotted on a logarithmic scale. 

 As with nutrient uptake rates, the productivity of the algal biofilm decreases 

exponentially along the reactor’s length, dropping approximately 89% by the end of the 

first meter, from 0.63 g/m2-day to 0.072 g/m2-day.  The average productivity along the 1-

meter length of the reactor was 0.11 g/m2-day.  Even at the entrance of the reactor, the 

productivity seen is far lower than frequently reported values of other algal systems, 

which can reach 35 g/m2-day [30,38] in turf scrubbers and high rate algal ponds.  As the 

system is modeled as perfectly laminar, relying purely on diffusion for dissolved species 

transport, these results are likely a mild underestimate for real world physical systems.  

Further, the productivity of low energy input biofilms such as this are known to be much 
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lower than turf scrubbers or high-rate ponds and many reported studies of high growth 

rate cultivation include carbon dioxide addition to enhance growth [23].  Table 3.3 lists 

the average growth rate factors along the first meter of the reactor for each species on 

concern, as well as irradiance, and highlights the limitation that a purely atmospheric 

carbon dioxide source has on the biofilm’s productivity. 

Table 3.3: Growth rate factors 

 
 

 

 

 Growth rate factors refer to the limitation each species places upon the total 

growth rate of the algae, as shown in Equation (3.1).  Every growth rate factor is 

multiplied together with the maximum growth rate of the algal species, similar to an 

efficiency coefficient, to determine the total growth rate.  This means factors close to one 

represent very little limitation while those near zero represent highly limiting factors.  It 

can be clearly seen that the primary limitation on growth in the laminar, fixed cultivation 

system is due to bicarbonate.  The high limitation due to carbon is the result of two 

factors.  First, the bicarbonate concentration in the wastewater medium is relatively low, 

due to the small fraction of carbon dioxide in the atmosphere, approximately 400 ppm or 

0.04%.  Second, carbon represents by far the largest elemental constituent of the algal 

stoichiometry, resulting in the highest required flux of any dissolved species.  This high 

flux results in a much higher concentration gradient that other species, by Equation (3.3).  

 Growth Rate Factor  
Bicarbonate 3.54 x 10-4 

Nitrate 4.35 x 10-1 
Phosphate 6.39 x 10-1 
Irradiance 6.14 x 10-1 
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The limitation placed by nitrate, phosphate and irradiance are all on a similar order as 

each other, but are orders of magnitude less limiting than bicarbonate. 

 Modeled at 100 W/m2 of photosynthetically active irradiance (GPAR), the biofilm 

lost nearly 40% of its maximum possible growth rate due to insufficient irradiance [23].  

With the light saturation and inhibition terms used, the maximum irradiance growth 

factor would occur at 123 W/m2 GPAR, resulting in an irradiance growth factor of 0.62, 

implying that the irradiance limitation displaced in this study is near the theoretical 

minimum.   

3.5.3 Sensitivity of Nutrient Removal to Bioreactor Operational Parameters 

 In an attempt to optimize the system, the reactor’s depth and velocity were varied 

from their base case settings of 1cm and 1mm/s respectively to determine the 

independent effects they had on nutrient removal.  Figure 3.5 displays the effect of fluid 

depth and velocity on the removal efficiency of both nitrate from the system.   
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(a) (b) 

Figure 3.5: Nitrate uptake rate as a function of (a) fluid depth within the reactor at 
constant 1 mm/s velocity and (b) fluid velocity within the reactor at constant 
1 cm fluid depth.  Biofilm thickness kept at a constant 5 mm throughout.  
The horizontal axis in (b) is plotted on a logarithmic scale. 

 In each of these analyses, all other parameters were kept constant, and nutrient 

loadings were the same as in the base case study, 3mg/L and 25mg/L of phosphate and 

nitrate respectively.  As with the base case, phosphate uptake rates demonstrated the 

same trends as nitrate uptake rates during the sensitivity analysis, again at rates of 16.4 

times lower.   

 Figure 3.5a depicts the ability of the algal biofilm to recover nutrients most 

rapidly when grown in a shallow depth reactor.  As the depth of the water column 

decreases, so too does the maximum diffusion length for each of the vital nutrients.  

Equation (3.3) explains the inverse relationship between diffusion length and the flux of 

dissolved species into the biofilm.  A 50% decrease in water depth, from 1cm to 0.5 cm 

resulted in an approximately 24% increase in nitrate uptake rate, from 2.23 mg/m2-hr to 

2.76 mg/m2-hr.  Converse a 50% increase in water depth from 1cm to 1.5cm resulted in 
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an approximately 13% decrease in nitrate uptake rate, from 2.23 mg/m2-hr to 1.96 mg/m2-

hr.  It can be seen that the rate at which increasing fluid depths affected nitrate uptake 

continuously decreased.  As the fluid depth continued to increase, the bulk flow of the 

nutrient medium has less effect on the growth of concentration boundary layers.   

 Figure 3.5b shows the effect of fluid velocity on the biofilm nitrate uptake rate.  It 

is important to note, this figure is plotted with a logarithmic scale on the horizontal axis.  

Equation (3.17) explains the relationship between fluid velocity and the boundary layer 

thickness.  Increased fluid velocity results in smaller boundary layer phenomena and by 

extension, reduced diffusive resistance on dissolved species.  As such, it can be seen in 

Figure 3.5b that increasing fluid velocities led to increased nitrate uptake rates, owing to 

smaller boundary layer formations.  When the fluid velocity was increased by an order of 

magnitude, from 1mm/s in the base case to 1cm/s, the nitrate uptake rate increased by 

118%, from 2.23 mg/m2-hr to 4.86 mg/m2-hr.  Conversely, a one order of magnitude 

decrease in the fluid velocity from 1mm/s to 0.1mm/s resulted in a decrease in nutrient 

uptake of 54% from 2.23 mg/m2-hr to 1.02 mg/m2-hr. 

 Interestingly, the reactor’s ability to remove biological nutrients was largely 

unchanged by the thickness of the algal biofilm layer.  A one order of magnitude decrease 

in thickness from 5mm to 0.5mm resulted in a 0.32% decrease in nutrient removal rates.  

While this is counterintuitive, it is the result again of the diffusion limitation.  The areal 

productivities in both tests were nearly identical and were limited overwhelmingly by 

carbon diffusion.  In the test with a thinner biofilm layer, the growth rate was higher, 

compensating for the smaller existing areal mass.  The biofilm operates in a carbon-
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starved manner, and is only able to achieve the productivity afforded by the diffusion of 

nutrients through the fluid medium.  It appears that the ability of the biofilm to grow is 

primarily limited by the diffusive resistance across the boundary layers and the reactor 

design parameters that affect those concentration boundary layers.   

3.5.4 Boundary Layer Approximations 

 The results presented above represent a rigorously derived formulation and an 

associated numerical solution.  While this methodology maintains fidelity to fundamental 

physical principles, it is computationally intensive.  To reduce this computational burden, 

two approximate boundary layer thickness expressions, Equations (3.18) and (3.20), were 

plotted and compared to the base case derived expression in Figure 3.6. 

 
 (a)        (b) 

Figure 3.6: Phosphorus concentration boundary layer thickness using the base case 
derivation, the Schmidt number correlation approximation and the linear 
velocity gradient approximation as a function of downstream distance in the 
reactor for (a) the first meter of the reactor and (b) a close up on the first 
6cm.  In all cases, velocity=1mm/s and depth=1cm. 
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 It is immediately apparent that the Schmidt number correlation approximation, 

shown in Equation (3.18) deviates substantially from the rigorously derived base case 

concentration boundary layer formation.  Though the two are similar for the first 3 cm of 

the reactor, past that point the Schmidt number correlation concentration boundary layer 

grows much more rapidly.  This is because this concentration boundary layer 

approximation is derived from a growing hydrodynamic boundary formation that is 

relatively small in the upstream portion of the reactor.  In all three cases, the rate at which 

the boundary layers grow decreases over the length of the reactor, implying that these 

formations grow more slowly in the higher velocity portion of the stream.  This fact 

explains why the Schmidt number correlation boundary layer continues to grow rapidly 

downstream, as its derivation assumes the velocity profile of the fluid to not be 

approaching its maximum, bulk flow value.  Further, the concentration boundary layer 

thickness at 1 meter downstream for the Schmidt number correlation curve, 0.87cm, 

corresponds to a hydrodynamic boundary layer thickness of 15.5 cm, far greater than the 

fluid depth of 1cm, highlighting the shortcomings of this approximation.  Conversely in 

both the base case derivation and the linear velocity profile approximation the boundary 

layers grow through regions of rapidly increasing fluid velocity.   

 In both Figures 3.6a and 3.6b the approximate concentration boundary layer 

thickness corresponding to the linear velocity profile, from Equation (3.20), represents 

only a mild overestimate compared to the base case derivation and follows a curve profile 

much more similar to that of the base case.  Along the length of the reactor, the 

approximate concentration boundary layer thickness derived from the linear velocity 
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profile was greater than the base case concentration boundary layer thickness by an 

average of 11.3%.  By comparison, the approximate boundary thickness derived from the 

Schmidt number correlation was an average of 57.3% greater than that in the base case.  

It is obvious that the Schmidt number correlation does not provide a reasonable 

approximation technique in this case.  Though the approximate concentration boundary 

layer thickness as derived using a linear velocity profile only differed from that derived 

through the more rigorous base case by 11.3%, as was previously shown, the productivity 

and nutrient recovery rates in the biofilm are highly sensitive to the diffusion limitation of 

dissolved nutrients.  Figure 3.7 depicts the productivity of the biofilm along the reactor’s 

length in the base case scenario as well as the linear velocity profile case.   

 

Figure 3.7: Algal productivity as a function of downstream distance for both the base 
case boundary layer derivation and the linear velocity profile approximation.  
In both cases velocity=1mm/s, depth=1cm and biofilm thickness=5mm.  
The horizontal axis is plotted on a logarithmic scale. 
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 As can be clearly seen, though the boundary layer thicknesses only differed by an 

average 11.3%, the compounding effect of multiple boundary layers, for each dissolved 

species, reduced the overall productivity of the biofilm by a greater margin.  In the linear 

approximation case the average algal biofilm productivity was 0.087 g/m2-day, compared 

to the base case productivity of 0.11 g/m2-day, approximately 20.7% less.  Similarly, the 

nutrient recovery rates decreased by the same margin, from 2.23 mg/m2-hr for nitrate in 

the base case to 1.77 mg/m2-hr in the linear approximation case.  Figure 3.7 also, 

however, depicts that the productivities in both cases approach a more similar value 

downstream.  More specifically, the productivities at the entrance of the reactor vary 

significantly by 0.14 g/m2-day but only vary by 0.014 g/m2-day at the end of the first 

meter.  Ultimately, neither approximation technique tested here provided results that were 

within 20% of the rigorous boundary layer derivation.  While the concentration boundary 

layer thickness derived from a linear velocity gradient was only 11.3% greater than that 

in the base case, productivities and nutrient recovery rates in the modeled biofilm differed 

by more than 20% and were unacceptable.  The approximate boundary layer thickness 

derived from a linear velocity profile assumption could be used only in the context of a 

rough, order of magnitude estimate of biofilm productivity and nutrient recovery rates.  

The approximation derived from the Schmidt number correlation is likely too inaccurate 

to use in any practical applications.  Further modeling work with different approximate 

boundary layer expressions is required to determine a computationally simple, yet 

accurate expression. 
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3.6 CHAPTER SUMMARY 

 The goal of this chapter was to create a mathematical model for understanding the 

biomass productivity and removal of phosphate and nitrate from tertiary wastewater in an 

algal biofilm photobioreactor.  The model was validated using quantitative data from 

studies reported in the literature. The validated model was used to determine the effects 

of flow velocity, flow depth and biofilm thickness on the removal of nitrate and 

phosphate as well as algal productivity along the length of the modeled reactor. The flow 

conditions and biofilm thickness were varied to quantify the sensitivity of the average 

nutrient removal rates to these parameters.  Finally, attempts were made to use boundary 

layer approximations to simplify the model’s computational intensity while maintaining 

the fidelity of the results.  The major conclusions of this study can be summarized as: 

• In the base case model, with fluid depth at 1cm and fluid velocity at 1mm/s, the 

average uptake rate for the nutrients of concern were 2.23 mg/m2-hr and 0.136 

mg/m2-hr for nitrate and phosphate, respectively.  Due to concentration boundary 

layer growth, there was an 89% decrease in the uptake rate of each species from 

the entrance of the reactor to the end of the first meter.   

• The growth rate contributions of each nutrient and irradiance indicate the 

limitation on growth stems overwhelmingly from carbon.  While the average 

growth rate factor associated with nitrate, phosphate and irradiance ranged from 

0.435 to 0.639, that associated with carbon was consistently about three orders of 

magnitude lower.  Industrial scale biofilm wastewater polishers will likely require 
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carbon supplementation from sources other than atmospheric equilibration and/or 

transport mechanisms other than pure diffusion to enhance mass transport.   

• The local productivity of the biofilm drops precipitously as the concentration 

boundary layers grow downstream.  The shorter diffusional distance in the 

upstream portion of the reactor, when the boundary layers are thin, leads to far 

greater nutrient fluxes and algal productivity.  Much lower productivities, nearly 

90% lower, in the downstream region imply that vertical diffusion of carbon and 

other nutrients through a laminar flow present a serious limitation on the growth 

of the biofilm and by extension, the recovery of these nutrients.   

• The uptake of nutrients from wastewater can be greatly enhanced by decreasing 

fluid depth or increasing fluid velocity.  A fluid depth of 0.5cm, rather than 1cm 

in the base case resulted in an approximately 24% increase in nutrient recovery 

rates.  Similarly, a flow velocity of 1 cm/s, rather than 1 mm/s in the base case 

resulted in a 118% increase in nutrient recovery rates. At sufficiently high 

velocities turbulent motion in the fluid layer would further enhance mass transport 

of dissolved species.  The phenomena associated with turbulence and the 

velocities necessary to induce turbulent effects are outside the scope of this thesis.  

• The recovery rates of vital nutrients and the productivity of the algal biofilm are 

highly sensitive to the thickness of the concentration boundary layers.  As a result, 

the boundary layer thickness approximations attempted in this study failed to 

maintain the accuracy of the results with respect to the base case with no 

approximation.  The productivity and nutrient recovery rates differed by over 20% 
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using a linear approximation for the velocity profile.  This further highlights the 

sensitivity of biofilm productivity and nutrient recovery rates to diffusion 

limitation across concentration boundary layers.   

 This model, and the performed sensitivity analysis, allows the designers of 

biofilm photobioreactors to estimate the removal rates of nitrate and phosphate given the 

reactor’s physical and operational parameters and influent wastewater characteristics.  

This model quantitatively describes the primary limitations to algal growth and the 

associated nutrient removal, allowing designers to mitigate these limitations and optimize 

their designs.  Finally, this methodology of balancing diffusional transport and growth 

kinetics can be expanded upon and improved to incorporate turbulent effects, allowing 

designers to model reactors of different configurations. 
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Chapter 4: Design and Construction of the Outdoor Algal Biofilm 

Photobioreactor 

 This chapter presents the design and construction of an outdoor algal biofilm 

photobioreactor, similar to that modeled in Chapter 3.  The purpose of this physical 

system is to further test and confirm the findings of the model in Chapter 3 and to be 

useful in testing strategies for overcoming the productivity and nutrient recovery 

limitations that chapter revealed.  The reactor design presented in this chapter builds upon 

the experimental design of Dr. Altan Ozkan and follows a similar basic design [23].  This 

new design adds variable operational parameters to more closely represent the model 

from Chapter 3, and is focused on outdoor operation.   

4.1 PHOTOBIOREACTOR DESIGN 

4.1.1 Recreating Model Conditions and Assumptions 

 The model presented in Chapter 3 sought to emulate a physical system and 

required a series of assumptions to provide tractability to the simulations.  To allow for 

model validation, this outdoor reactor must be designed to recreate the assumptions and 

physical conditions from the model as closely as possible.  Initially the biofilm layer was 

assumed as being perfectly flat.  While the physical characteristics of the biofilm during 

growth are out of the control of the reactor operator, it is imperative that the growth 

surface is a flat, smooth and nonreactive surface to prevent additional mass transport 

phenomena.  Similarly, the boundary layer derivation presented in Chapter 3 assumed 
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steady, 1-dimensional fluid flow down the reactor’s length.  As such, the reactor is 

designed to provide the same flow conditions.  The angle of inclination of the reactor is 

therefore constrained to a single axis, providing fluid flow only down the reactor’s 

length.   

 To simplify the physical system, the z-direction, or the width of the reactor, was 

neglected in the model.  It was assumed that there was no fluid velocity in the z-direction 

and that flow characteristics were constant across the reactor’s width.  As the physical 

system requires walls to contain the flow, it is impossible to prevent flow variation in the 

z-direction due to horizontal boundary layers that develop on the reactor’s walls.  The 

effect of these phenomena on experimental results must instead be minimized, thus the 

reactor growth surface must be wide enough that these phenomena affect a minimal 

portion of the cultivation area.   

4.1.2 Maintaining Variable Input Parameters 

 In addition to providing insight to the fundamental transport phenomena 

associated with nutrient removal by biofilms, the model presented in Chapter 3 also 

sought to quantify the sensitivity of algal productivity and nutrient removal rates to 

certain input parameters.  Specifically the parameters that were parametrically varied in 

Chapter 3 were biofilm thickness, flow depth and flow velocity.  Similar to the assumed 

biofilm roughness, maintaining a constant, predetermined thickness within the biofilm is 

outside the control of the reactor operator.  Instead, by monitoring the biofilm thickness 
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and the nutrient concentrations regularly during cultivation, the effect of biofilm 

thickness on nutrient removal rates can be correlated. 

 Variable fluid velocity is achieved in the reactor through the design of adjustable 

legs upon which the reactor stands.  By designing legs on opposite ends of the reactor 

with lengths that can increase or decrease, the angle of inclination of the cultivation 

surface can be varied.  Equation (3.16) expresses the relationship between average fluid 

velocity and angle of inclination within the reactor.  Thus, by adjusting the reactor angle 

through use of the variable height legs, the average fluid velocity within the reactor can 

be easily manipulated.  

 The depth of the reactor is design to be variable through control of the inlet and 

exit flow rates.  As the change in nutrient medium concentration is of interest, the 

medium must recirculate over the biofilm to ensure substantial portions of the nutrients 

are removed, enough to detect a change in total concentration.  This recirculation requires 

use of a pump, which additionally provides the opportunity for flow rate control at the 

inlet of the reactor.  The exit flow rate control is designed to vary through use of a valve.  

The flow rate through the valve will be, in part, a function of the pressure head, or the 

depth of the water above that valve.  When this exit flow rate is equal to the inlet flow 

rate, the fluid in the reactor will reach a steady state, constant depth.  Thus, when a thick 

medium layer is desired, the opening of the valve can be decreased to increase the 

pressure head necessary for equilibrium.   



 51 

4.1.3 Opportunities for Further Research 

The model presented in Chapter 3 of this thesis represented an idealized system, 

free from numerous real world considerations, such as turbulent motion within the fluid 

layer.  The design of this physical algal photobioreactor is intended to mimic the 

idealized system that was modeled and provide insight into the situations wherein these 

idealized assumptions become invalid.  The effects of irradiance that varies during the 

day, as opposed to the constant irradiance that was modeled, and surface roughness on 

the biofilm surface are outside the scope of what was modeled but can be more easily 

investigated through use of this photobioreactor.  Further, attempts can be made to 

introduce highly complex, turbulent fluid motions to mitigate the limitations on growth 

and nutrient recovery that were identified in Chapter 3.  Experimental studies using this 

photobioreactor allow researchers to better understand the deviations from ideality seen 

in physical photobioreactors and further study the effect of outdoor conditions on algal 

productivity and nutrient removal.   

4.2 PHOTOBIOREACTOR CONSTRUCTION 

4.2.1 Algal Biofilm Cultivation Surface 

 The growth surface is constructed from a 1” thick polypropylene plastic base with 

4” tall surrounding walls, also made of 1” thick polypropylene.  The growth surface is 

approximately 19.5” wide and 31” long, for a total cultivation area of 604.5 in2. The 

edges of the reactor, as well as the numerous connections through the system, are sealed 
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with an aquarium safe 100% silicone sealant (DAP All-Purpose Adhesive Sealant) to 

prevent leaks without introducing chemical sealants that may be harmful to the biofilm.  

Section 3.5.3 demonstrated that algal biofilms are able to remove nutrients more rapidly 

from fluid layers with higher velocities.  As such, this system is expected to run with 

average velocities of at least 1 cm/s (0.4 in/s).  With these physical dimensions and 

average fluid velocity, the boundary layer formations caused by the walls of the reactor 

are not expected to exceed 1.6” from each side at the exit of the reactor.  Therefore, 

approximately 84% of the reactor’s width at any location downstream will be unaffected 

by these horizontal boundary formations and will represent the physical assumptions 

modeled in Chapter 3.  

 To ensure that fluid flows purely down the length of the reactor, and that there is 

no flow in the direction of the reactor’s width, each end is equipped with a small level 

(Stanley 42-287).  The addition of these small levels allows the operator of the reactor to 

ensure that the reactor’s entrance and exit are both level across the reactor’s width in an 

attempt to maintain one-directional flow.  The nutrient medium is supplied at the entrance 

of the reactor through seven ¾” holes drilled through one end of the reactor base.  After 

flowing down the length of the reactor, the nutrient medium exits the reactor through 1” 

holes drilled in the base at the opposite end.  A large number of inlet holes were chosen 

to allow even flow across the reactor’s base, rather than provide a single point source that 

would disrupt the previous 1-D flow approximation.  Figure 4.1 depicts an areal view of 

the bioreactor growth surface with an 18” ruler for scale. 
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Figure 4.1: Areal view of the reactor growth surface with an 18” ruler for scale. 

 This reactor is intended specifically for outdoor use to utilize natural light and 

minimize the necessary additional energy inputs to the system while also allowing for a 

characterization of the indigenous algal polyculture in the Austin, Texas area.  The 

operation of an outdoor photobioreactor introduces new complications such as the 

potential for predation and debris in the reactor.  While the simplest solution would be to 

completely cover the reactor, it is also highly important to allow for maximum gas 

exchange to the fluid surface as well as maximum light transmission to prevent 

limitations on the biofilm growth.  In an attempt to synergistically approach these 

numerous design concerns, a wire mesh (HDX ¼” Hardware Cloth) was used as a cover.  

The ¼” mesh size serves to minimize light attenuation across the cover, reduce predation 
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from larger organisms and will not infringe upon free gas exchange to the biofilm.  

Figure 4.2, below, shows the computer reactor, including the wire mesh cover. 

 

Figure 4.2: Algal growth surface on top of adjustable reactor base, covered by wire mesh 
cover. 

4.2.2 Nutrient Medium Recirculation 

 The nutrient medium enters and exits the reactor through a series of holes in the 

opposites ends of the reactor base, seen clearly at the top and bottom of Figure 4.1 

respectively.  Attached to each of these holes is a ½” nylon hose barb (Watts A-387) 

which then connects to a single ½” vinyl tube (Watts HSVKI10) using a series of ½” 

nylon hose barb tee connectors (Watts A-381).  The nutrient media is pumped into the 

reactor using a diaphragm pump (Jabsco 31801-0115), with flow rate control provided by 

a variable AC voltage transformer (Starco Energy Products, Inc. Variable 

Autotransformer).  The nutrient medium is pumped from, and drains back into, a 27L 
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plastic reservoir.  As was demonstrated by Murphy and Berberoglu, evaporative losses in 

a algal photobioreactor during summer months can reach as high as 7.3 L/m2 [48].  This 

reactor will likely be run with a smaller fluid depth than the 5 cm modeled by Murphy 

and Berberoglu, which will result in even greater evaporative losses.  As such, having the 

nutrient medium recirculate through a large reservoir allows for evaporative losses 

without risk of the system running dry.  Further, the reservoir is made of a clear plastic, 

so the volume of nutrient medium in the reservoir can be easily monitored.  Figure 4.3, is 

a detail image of the pumping connections underneath the reactor growth surface. 

 

Figure 4.3: Piping and Connections for nutrient recirculation, specifically the entrance of 
the reactor. 

4.2.3 Adjustable Reactor Base 

 The reactor base is a frame constructed from pressurized, weather resistant wood, 

so as to allow for a substantial lifespan outdoors.  The reactor base primarily serves to lift 

the growth surface approximately 7” of the ground, to provide space for the piping 

underneath.  The reactor base also includes a ½” gate valve (Proline 100-403NL) on the 



 56 

draining pipe at the exit of the reactor.  By controlling the exit flow rate through use of 

this gate valve, and the entrance flow rate through the variable autotransformer on the 

pump, the fluid depth within the reactor can also be varied to allow experimental work at 

different nutrient medium depths.   

 On the bottom of the reactor base, in each corner, are four threaded T-nuts 

(Everbilt 802321).  Threaded through each T-nut is a 4” long, 3/8” diameter bolt, 

equipped with a rubber leg tip (Everbilt 762099).  These mechanisms serve as adjustable 

height legs for the reactor base, with the rubber tips providing better grip for the reactor 

legs.  By screwing the legs either deeper or shallower into the reactor base, the angle of 

the reactor in the direction of flow can be varied.  As is described in Equation (3.16), the 

average velocity of the fluid within the reactor can be determined using this angle of 

inclination.  This set up allows for angles of inclination from 0° to 10° to be tested, 

though it will likely be impossible to maintain constant depth along the reactor’s length at 

large angles of inclination. With these variable height legs, the velocity of the nutrient 

medium can be varied in experimental tests, as was done in Section 3.5.3.  Figures 4.4a 

and 4.4b below show a detailed image of the reactor legs in their shortest and tallest 

configurations. 
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       (a)          (b) 

Figure 4.4: Adjustable reactor leg in its (a) shortest configuration, 1.25” tall and (b) its 
tallest configuration, 3.75” tall. 

4.3 CHAPTER SUMMARY 

 The purpose of this reactor design was to create a system that allowed for a 

greater understanding of the implications of physical and operational parameters on 

outdoor biofilm cultivation.  Though the long-term operation of this reactor is outside the 

scope of this thesis, the reactor and its design are intended as tools to advance later 

research in the outdoor cultivation of algal biofilms.  Specifically, the reactor is designed 

to recreate the one-dimensional flow over a flat plate that was modeled in the above 

study, with the possibility of an experimental parametric study mirroring the parametric 

study presented in section 3.5.3 with regard to varying fluid velocity and depth.  The 

model presented in Chapter 3 of this thesis is in many ways an idealized system, free 

from many practical complications.  This reactor design will allow future research into 

the numerous advantages and disadvantages of operating an outdoor physical system for 

comparison to idealized, modeled results.   
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Chapter 5: Analysis of Municipal Wastewater Biosolids HTL Process 

Water 

This chapter presents an experimental study on the phosphate and nitrate 

concentrations in the aqueous effluent from hydrothermal liquefaction reactions 

performed on municipal wastewater biosolids.  Process conditions and feedstock 

characteristics were varied to identify the affect each parameter had on the final nutrient 

concentrations. 

5.1 MATERIALS AND METHODS 

5.1.1 Biosolids Feedstock 

 The biosolids feedstocks used in this study were acquired at the Hornsby Bend 

Biosolids Management Plant in Austin, TX.  The Hornsby Bend facility collects and 

processes wastewater sludge from multiple different wastewater treatment facilities in the 

Austin, TX area.  In wastewater treatment, sludge refers to the solids content that settle 

out of suspension before and after oxidation processes.  This high water content material 

is diverted to the Hornsby Bend facility where it is first dewatered using the cationic 

emulsion polymer, Zetag 8819.  Following this initial dewatering step, the sludge is 

anaerobically digested to reduce the organic matter and pathogenic microorganism 

content.  Following digestion, the resulting biosolids are again dewatered using Zetag 
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8819 and a mechanical belt press, after which it can be dried further and used in various 

land applications.  The biosolid feedstocks used in this study are pre-digestate sludge, 

post digestate biosolids and post-digestate biosolids that have been further dewatered to 

increase solids content with a centrifuge (Thermo Scientific Sorvall ST 40).  In all cases, 

the feedstocks used have not undergone final belt press dewatering. 

 The solids content of the feedstocks was measured by weighing each feedstock 

before and after evaporation in a multistage burnout oven (Neycraft Vulcan 3-550) set to 

80°C for a period of 8 hours.  Organics content was measured by weighing the feedstock 

before and after pyrolysis in the same burnout oven set to a temperature of 540°C again 

for a period of 8 hours.  The carbon, nitrogen, hydrogen and sulfur elemental composition 

of each feedstock were analyzed by Atlantic Microlabs (Norcross, GA). 

5.1.2 Hydrothermal Liquefaction System 

 The hydrothermal liquefaction experiments performed in this study were done 

with batch reactors.  The reactors were constructed from three parts: a Swagelok ¾” 

stainless steel union (SS-1210-6), a Swagelok stainless steel plug (SS-1210-P) and a 

Swagelok stainless steel ¾” to ¼” bored through pipe fitted reducer (SS-400-R-12BT).  

The reactors’ total working volume was 8.5mL.  The temperature inside the reactor was 

measured with an Ultra Electronics thermocouple (101-K-U-C-2-C) that was swaged into 

the reducer.  An image of the batch reactors used can be seen in Figure 5.1, below, in 

particular the thermocouple can be seen exiting the reactor at the top of the image. 
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Figure 5.1: Image of HTL batch reactor with attached thermocouple, at the top of the 
image 

 The reactor was rapidly heated to the desired set point temperature with a 

fluidized sand bath (Techne SBS-4).  The heating rate of the reactor was varied by setting 

the sand bath to various different temperatures using a variable temperature controller 

(Techne TC-9D).  Once the reactor reached the desired internal temperature, it was 

moved to a melting furnace (Hardin F-180) to maintain the desired set point temperature.  

After the predetermined residence time, the reactor was rapidly cooled by quenching in a 

room temperature 5 gallon water bath, at approximately 23°C.  The reactor’s internal 

temperature was collected and monitored in real-time using LabView software and a 

USB data acquisition system (IOTech Peronsal-Daq/56).   

5.1.3 Aqueous Phase Separation and Analysis 

 The HTL process results in aqueous, oil and solid phase products that required 

separation before analysis.  The reactor was washed using 10mL of dichloromethane 
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(DCM) to ensure total recovery of reaction products and assist in separation.  DCM was 

used because it is non-water-soluble and acts as a solvent for heavy and light 

hydrocarbons in the oil phase, allowing for easy separation of the aqueous and oil phase 

products.  The products were then filtered twice through a 10mL Luer-Lok tip disposable 

syringe (Becton Dickinson 309604) equipped with a 2.0μm syringe filter tip unit (Millex 

SLAP02550) to remove solids.  After solids had been removed, the oil-containing DCM 

phase and the aqueous phase products, which had spontaneously separated, were each 

pipetted into separate containers.  The oil-rich DCM phase was removed and separately 

analyzed in experiments outside the scope of this study.   

 To ensure complete and total removal of solids, the aqueous phase was run 

through a centrifuge (Thermo Scientific Sorvall ST 40) at 3500 rpm for 5 minutes.  

Following that, the aqueous phase was pipetted out and filtered again through a 10mL 

disposable syringe (Becton Dickinson 309604) this time with a 0.2μm syringe filter tip 

unit (Corning 341229) to ensure further removal of any remaining suspended solids.  For 

the ion chromatography process, it was extremely important to ensure adequate 

particulates removal to prevent damage to the testing device.   

 To analyze the aqueous phase, the samples from each test were diluted 100x and 

dispensed into 10mL AS-AP Autosampler vials (Dionex 055058).  The samples where 

then tested for nitrate and phosphate concentrations in an ion chromatography system 

(Dionex ICS-2100) using Dionex Chromeleon 7 Chromatography Data System software.  

The ICS run time was established as 15 minutes, long enough to ensure detection of 

nitrate and phosphate, which had average residence times of approximately 6.4 minutes 
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and 10.2 minutes respectively.  While nitrogen in the form of ammonium is another 

nutrient of concern, it is outside of the scope of this study both to maintain consistency 

between nutrients of interest across chapters and due to the lack of availability of a cation 

column for the ion chromatography system.   

5.1.4 Design of Experiments 

 The tests performed for this study were intended to explore the effect of various 

operational parameters on the nutrient content of HTL process water, or aqueous phase 

products.  The parameters of concern were feedstock type, feedstock water content, 

heating rate and finally residence time.  For purposes of this study, residence time refers 

to the period at which the reactor’s internal temperature was over 200°C, as this is where 

hydrothermal reactions are believed to begin [58].  Additionally, the mass of biosolids 

was kept constant at 3.50±0.08mg across all tests.  Similarly, the set point temperature, 

the desired internal reactor temperature, was kept constant at 325°C across all tests.  This 

set point was determined during previous HTL work done in the lab.   

 While the set point temperature was kept constant, the temperature of the heating 

bath, and by extension the heating rate was not.  The three bath temperatures tested in this 

study were 350°C, 450°C and 600°C.  450°C was used as the base case heating rate and 

was used as the heating rate when other parameters were varied.  Thus, 350°C and 600°C 

were intended to study the effect of slower and more rapid heating respectively. 

 As with heating rate, three different residence times were tested during this study.  

The base case residence time, used in all other tests was 3.8 minutes.  This residence 



 63 

time, like set point temperature was determined in previous experimental work done in 

the lab.  The two additional residence times tested were 8 minutes and 12 minutes.  The 

base case residence time was intended to represent a realistic experimental time, while 

the additional two were intended to test the effect of substantially increased residence 

time.   

 The solids content of the biosolids was also varied.  The ability to achieve 

desirable results at high solids content is advantageous on a large scale as it potentially 

decreases the energy required to process the biosolids, due to the heating of less water.  

The base case solids content was approximately 3% as this was the solids content of the 

post-digestate effluent from the Hornsby Bend facility, prior to being belt pressed.  

Alternate solids contents tested were approximately 6% and 10%.  The nutrient 

concentrations will likely be higher in these tests, simply due to the fact that there is a 

great amount of biosolids being converted.  It is important to note, the base case test here 

does not by definition represent the solids content of all post-digestate, as this fluctuates 

substantially at this plant with time and between different plants. 

 The final test was done with a different biosolids type, pre-digestate rather than 

post-digestate.  Pre-digestate is taken from the Hornsby Bend facility before anaerobic 

digestion occurs.  The pre-digestate biosolid was not dewatered and was kept at the 

effluent solids content present in the facility that day, approximately 6%.  This different 

feedstock test was meant to determine the effect the additional microbial activity has on 

the potential nutrient content of HTL aqueous effluent.  Table 5.1, below, outlines the 

testing matrix used in these experiments, each of which were performed in triplicate.  
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Table 5.1: HTL experimental testing matrix 

Experiment: 
Heating 

Bath Temp 
(°C) 

Residence 
Time 
(min) 

Approx. 
Solids 

Content 

Biosolids 
Type 

1 350 3.8 3% Post-digestate 
2 450 3.8 3% Post-digestate 
3 600 3.8 3% Post-digestate 
4 450 8 3% Post-digestate 
5 450 12 3% Post-digestate 
6 450 3.8 6% Post-digestate 
7 450 3.8 10% Post-digestate 
8 450 3.8 6% Pre-digestate 

 

5.2 RESULTS AND DISCUSSION 

5.2.1 Feedstock Characterization 

 The four different feedstocks tested in this experiment were pre-digestate, 

unaltered post-digestate, and post-digestate that had been dewatered to approximately 6% 

and 10% solids content.  Prior to being exposed to HTL conditions, these different 

biosolids were tested for solids content and organics content through dehydration and 

pyrolysis respectively.  A basic elemental analysis to determine the carbon, hydrogen, 

nitrogen and sulfur content was performed by a third party to determine the different in 

elemental composition between post-digestate and pre-digestate.  Table 5.2, below, 

displays the initial characterization of the different feedstocks.  It is important to note, 

that organics content refers to the percentage of the dry weight comprised of ash-free 
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organic material, and the values in the elemental analysis are percent of each element 

present in the biosolid by mass.   

Table 5.2: Biosolid feedstock characterization 

Biosolid 
Type 

Solids 
Content 

Organics 
Content C H N S 

Post-
Digestate 3.24% 68.38% 33.09% 4.70% 4.63% 1.85% 

Post-
Digestate 6.24% 68.38% 33.09% 4.70% 4.63% 1.85% 

Post-
Digestate 10.76% 68.38% 33.09% 4.70% 4.63% 1.85% 

Pre-
Digestate 6.29% 85.20% 43.21% 6.34% 4.85% 0.65% 

 
 
 As is expected, the anaerobic digestion process results in lower organics and 

carbon content in post-digestate than in pre-digestate.  It is also interesting to note that the 

anaerobic digestion process results in only a mild change in nitrogen content in the solids 

present.  This implies that the digestion process does not serve to remove significant 

amounts of nitrogen from the biosolids.  It must be noted that while these results are 

illustrative in terms of the trends between post-digestate and pre-digestate, all of these 

values are expected to vary continuously at the Hornsby Bend facility between days.  As 

such, this biosolid characterization is used to understand the inputs into the HTL process 

and not create a fundamental characterization of all pre-digestate and post-digestate.   
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5.2.2 Effect of Heating Rate on Nutrient Content of Aqueous Phase Products 

 During this phase of the experiment, increasing and decreasing the temperature of 

the heating bath served to vary the heating rate of the feedstock.  Table 5.3, below, 

contains the nitrate and phosphate concentrations in each test with corresponding 

statistical uncertainty in the process water effluent.  

Table 5.3: Nitrate and phosphate concentrations in aqueous phase HTL reaction products 
as a function of heating bath temperature.  Tests performed on 3.24% post-
digestate biosolids with a residence time of 3.8 minutes. 

Heating 
Bath 

Temperature 
(°C) 

Nitrate 
Concentration 

(mg/L) 

Phosphate 
Concentration 

(mg/L) 

350 6.33 ± 2.87 13.34 ± 1.40 
450 7.08 ± 1.74 12.88 ± 4.48 
600 6.94 ± 2.15 12.52 ± 2.30 

 
From Table 5.3 it is apparent that the nutrient content, specifically of nitrate and 

phosphate, was largely unaffected by the heating rate of the reactor.  Nitrate 

concentrations show no definite trend as the heating bath temperature increased, while 

phosphate concentrations display a mild decrease as heating bath temperature increases.  

It is important to note however, that the variation in phosphate concentration is still 

comfortably within the uncertainty of each test.   

5.2.3 Effect of Residence Time on Nutrient Content of Aqueous Phase Products 

 The set point temperature, or the temperature that the biomass maintained during 

the HTL reactions was kept constant in each experiment.  The length of time at which the 
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reactions were occurring however, was increased from the 3.8-minute base case to 8 

minutes and then 12 minutes.  Unlike during the heating rate experiments, the results 

from the residence time experiments display more clear trends and can be found in Table 

5.4, below. 

Table 5.4: Nitrate and phosphate concentrations in aqueous phase HTL reaction products 
as a function of residence time. Tests performed on 3.24% post-digestate 
biosolids with a heating bath temperature of 450°C. 

Residence 
Time 

(minutes) 

Nitrate 
Concentration 

(mg/L) 

Phosphate 
Concentration 

(mg/L) 
3.8 6.33 ± 2.87 13.34 ± 1.40 

8 4.48 ±3.05 6.10 ±2.81 
12 8.32 ±1.90 6.92 ±1.81 

 
 From table 5.4, it is clear that the residence time has a more substantial effect on 

the nutrient content of the process water than the heating rate.  The data displays a 

decrease in phosphate concentration in both the 8-minute and 12-minute tests of 

approximately 50% when compared to the base case.  The trend of decreasing phosphate 

concentration with increasing residence time was not constant however, as the 12-minute 

test had higher phosphate concentrations than the 8-minute test.  While the results from 

the tests conducted for 8 minutes and 12 minutes are both within each other’s uncertainty 

range, both are far outside the uncertainty range from the 3.8-minute experiment.  This 

substantial decrease in phosphate concentration could be the result of phosphorus being 

incorporated into the oil and gaseous phases, or still present in the aqueous phase, though 

in a different molecule. 
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 The nitrate concentrations do not show a monotonous trend with residence time.  

The average concentration dropped by approximately 30% from the base case in the 8-

minute experiment, but was approximately 31% higher than the base case in the 12-

minute experiment.  Despite over 30% changes in nitrate concentration there is 

substantial overlap in the uncertainty bars of these experiments. 

5.2.4 Effect of Biomass Solids Percentage on Nutrient Content of Aqueous Phase 

Products 

 Varying the solids content of the biomass largely had the expected result, and 

typically led to an increase in nitrate and phosphate content.  This was anticipated, as the 

higher solids content biomass had greater mass of nitrogen and phosphorus as well as 

other organic matter.  The results, presented in Table 5.5, display substantial increases in 

nitrate and phosphate concentrations as a result of increased solids content. 

Table 5.5: Nitrate and phosphate concentrations in aqueous phase HTL reaction products 
as a function of solids content.  Tests performed on post-digestate biosolids 
with a residence time of 3.8 minutes and 450°C heating bath temperature. 

Solids 
Content  

Nitrate 
Concentration 

(mg/L) 

Phosphate 
Concentration 

(mg/L) 
3.24% 6.33 ± 2.87 13.34 ± 1.40 
6.24% 10.84 ± 5.55 11.27 ± 9.15 
10.76% 20.71 ± 9.70 44.08 ± 18.66 

 
 The nitrate and phosphate concentrations increased by a factor nearly equivalent 

to the increase in solids content in the highest solids content studies.  Solids content that 

was 3.32 times greater than base case resulted in 3.27 times greater nitrate concentration 
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and 3.30 times greater phosphate concentrations.  The 6.24% solids content tests, 

however, did not show clear trends.  The 1.93 times greater solids content resulted in only 

a 1.71 times greater nitrate content.  A 1.93 times greater nitrate concentration (12.19 

mg/L) is comfortably within the bounds of the experimental uncertainty.  The phosphate 

concentrations in the 6.24% biosolids tests varied greatly, resulting in a very high level of 

uncertainty. Further, the average concentration actually decreased with increasing solids 

content, an opposite trend as was seen in the 10% solids test.  It is believed that these 

tests were somehow corrupted and yielded erroneous results.  The 10.76% biosolids tests 

were performed only in duplicate, resulting in large uncertainty bounds, due to lack of 

available feedstock.   

5.2.5 Effect of Anaerobic Digestion on Feedstock on Nutrient Content of Aqueous 

Phase Products 

 Municipal wastewater treatment biosolids at the Hornsby Bend facility are 

anaerobically digested to reduce organic matter and pathogenic content.  This portion of 

the experimental study sought to investigate the effect of this anaerobic digestion on the 

corresponding post-HTL nutrient content.  The results are presented below in table 5.6. 
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Table 5.6: Nitrate and phosphate concentration in aqueous phase HTL reaction products 
in pre-digestate and post-digestate biosolids.  Tests were performed with 
3.8-minute residence time and 450°C heating bath temperature. 

Feedstock 
Type 

Nitrate 
Concentration 

(mg/L) 

Phosphate 
Concentration 

(mg/L) 
Post-Digestate 6.33 ± 2.87 13.34 ± 1.40 
Pre-Digestate 18.55 ±4.90 17.44 ± 7.58 

 
 The first and perhaps most interesting result from these experiments was the 

change in nitrate to phosphate ratio.  In nearly every test, except the 12-minute residence 

time test, the measured phosphate concentrations were substantially larger than those of 

nitrate, by an average factor of about 2.  In the pre-digestate tests, however, the nitrate 

concentrations were slightly higher than those for phosphate.  Though there is overlap in 

the uncertainty bounds, this test clearly demonstrated that the anaerobic digestion of the 

feedstock substantially decreased the nitrate concentrations.  It is important to note, the 

pre-digestate had a considerably higher solids content (6.29%) than did the post-digestate 

(3.24%).  Even when compared to the dewatered post-digestate with comparable 6.24% 

solids content, the pre-digestate process water still contained nearly twice the nitrate.  

Bacteria play a critical role in the nitrogen cycle, changing nitrogen between different 

forms.  It is likely that exposure to anaerobic digestion reduces the nitrate concentration 

in HTL process water by converting nitrogen into another form such as nitrite or 

ammonia. 

 Phosphate concentrations in the pre-digestate process water were also 

considerably higher than in the post-digestate process water, but due to the mild increase 
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this can likely be largely attributed to the increased solids content.  Due to the erroneous 

results of the 6.24% solids content phosphate measurements, the pre-digestate process 

water cannot be accurately compared.  It is reasonable to assume though, that the 

substantial increase in nitrate and only mild increase in phosphate suggests the anaerobic 

digestion process affects predominantly the nitrate content of the HTL process water. 

5.2.6 Algae Cultivation Using HTL Aqueous Phase Reaction Products 

 The nutrient content of HTL aqueous phase products is of interest for sustainable 

nutrient recycling through algae cultivation.  It is therefore advantageous to tailor process 

conditions to maximizing aqueous phase nutrient content.  While these process conditions 

may also have an effect on the oil phase characteristics, those aspects are outside the 

scope of this thesis.   

In general, heating rate had little effect on nutrient content.  Nitrate and phosphate 

concentrations remained nearly constant at approximately 6.5 mg/L and 13 mg/L 

respectively. For comparison, the concentrations of nitrate and phosphate in BG-11 

standard algal growth medium are approximately 1100 mg/L and 22mg/L respectively.  It 

is therefore unlike that the HTL aqueous phase reaction products of municipal biosolids 

alone will provide a suitable nitrate source for algal cultivate.  Algae are highly adaptable 

organisms and there are strains capable of incorporating different forms of nitrogen. It 

has been seen in the literature that nitrate represents a small fraction of nitrogen in HTL 

reaction products.  It is therefore possible that other forms of nitrogen are present that 

could provide the necessary nutrient source for algal growth.   
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Conversely, the phosphate concentrations seen in the heating rate tests, 

approximately 13 mg/L are on the order of those seen in BG-11, 22 mg/L.  Aqueous 

phase reaction products from HTL of municipal biosolids could provide a supplemental 

phosphorus source in the cultivation of algae.  As phosphate is a limited resource, this 

supplementation would be synergistically beneficial for the replacement of valuable 

fertilizer products and the generation of more sustainable biomass.   

There was clear variation in the nutrient content of the HTL process water when 

the residence time within the reactor was varied.  The data generally suggested decreases 

in phosphate concentration with increased residence time, though there was a slight 

increase when the residence time was increased to 12 minutes.  Nitrate concentrations, 

alternatively varied widely with residence time.  More research needs to be conducted on 

the effect of residence time on HTL aqueous phase reaction products before the impact of 

residence time on algae cultivation can be fully commented upon.   

Increased solids content in the feedstock may prove to be a more energetically 

efficient operational parameter for HTL biofuel production due to the reduced need to 

heat water.  Further, these test indicated that the nutrient content trends proportionally 

with solids content for both phosphate and nitrate.  As nitrate concentrations were 

significantly lower than those used in BG-11 medium, this could be advantageous for the 

cultivation of algae.   

Perhaps the best feedstock to use in the production of HTL aqueous phase 

reaction products for purposes of algae cultivation was pre-digestate biosolids.  The 

increased phosphate concentration, 17.44 mg/L, is approximately 80% of that 
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incorporated in BG-11 medium.  Additionally, the significantly increased nitrate 

concentration 18.55 mg/L, while still orders of magnitude lower than the concentration in 

BG-11 medium, can be used to supplement additional nitrate sources.   

Nitrate and phosphate only represent two of the constituents of interest in the 

cultivation of algae.  Significantly more work is needed characterizing the aqueous phase 

reaction products from HTL of municipal biosolids before the viability of these nutrient 

sources for algal cultivation can accurately be gauged.  It is believed that there is nitrogen 

contained within the aqueous phase products in forms such as nitrite and ammonia.  By 

determining the nitrogen content more broadly, the value of these aqueous products can 

be more completely judged.  The results from Chapter 3 indicated that algal biofilms are 

highly carbon starved without supplemented carbon sources, so the carbon content and 

speciation within these aqueous reaction products could affect the productivity and 

nutrient recovery in algal systems.  Finally, it is possible that the aqueous phase products 

contain heavy metals, or other toxic compounds that would inhibit the growth of algae.  

Future work is required to quantify and characterize the content of potentially harmful 

compounds in aqueous phase reaction products.   

5.3 CHAPTER SUMMARY 

 The goal of this study was to characterize the effect of hydrothermal liquefaction 

operating conditions and feedstock characteristics on the nutrient content of the process 

water effluent.  The HTL process allows for the conversion of biomass with high water 

content into high-energy hydrocarbons, resulting in a substantial aqueous phase.  First, 
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the base case experiments were conducted using post-digestate biosolids with 3.24% 

solids content, 350 °C heating bath temperature and 3.8 minute residence time.  The 

nitrate and phosphate concentrations were determined through ion chromatography.  

Then the biomass type, solids percentage, heating bath temperature and residence time 

were all varied to establish a parametric study of the effect of these conditions on nutrient 

content.  It is important to note when working with this type of biological sample, these 

results do not represent a broad characterization of municipal biosolids.  These feedstocks 

change substantially with time, location and treatment plant conditions.  Instead, the 

results are intended to investigate only the effect of process conditions on nutrient 

content.  The major conclusions from this study are as follows: 

• In general the process water from the HTL reactions were a phosphate rich 

medium.  The base case tests revealed a phosphate concentration that was 

approximately 60% of that used in BG-11 medium. The nitrate concentration was 

approximately 150 times lower than that in BG-11.  This suggests this HTL 

process water may be a valuable phosphorus source in the cultivation of algae, but 

not so for nitrate. 

• There was little to no change in aqueous nitrate and phosphate concentrations 

with varied heating bath temperature.  

• There was a clear decrease in phosphate concentrations with increased residence 

time, an average decrease in both 8 and 12-minute experiments of approximately 

50% from the base case.  Conversely, nitrate displayed no such clear trend with a 

minimum at 8 minutes and a maximum at 12 minutes. 
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• The increase in nutrient content was roughly proportional to the increase in solids 

percentage, implying that no fundamental reaction changes occur at higher solids 

percentages.   

• The process water of pre-digestate biosolids displayed substantially different 

characteristics than post-digestate process water.  The nitrate concentration of 

non-dewatered pre-digestate process water was approximately 3 times larger than 

that in non-dewatered post-digestate process water.  Further, the nitrate 

concentration was approximately 71% greater than in the process water of post-

digestate with comparable solids content.   

• While there was an increase in the phosphate concentration of pre-digestate 

process water compared to post-digestate process water, the increase was mild 

(31%) when compared to that in nitrate (193%) and was likely due predominantly 

to increased solids content.   

• The process water from HTL reactions of municipal biosolids may be a viable 

phosphorus source in the cultivation of algae, but nitrate concentrations are much 

lower than in standard growth media.   
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Chapter 6: Conclusions and Recommendations 

This thesis presented numerical studies addressing the transport phenomena of 

dissolved nutrients in an algal biofilm photobioreactor (BPBR) and an experimental study 

addressing the effect of hydrothermal liquefaction (HTL) process conditions on process 

water nutrient content.  Specifically, this study includes (i) the effect of boundary layer 

formations on algal productivity and nutrient removal rates in a BPBR, (ii) a parametric 

analysis on the effect of fluid velocity and depth on nutrient removal, (iii) comparison of 

simplified boundary layer formulations and (iv) a parametric study on the effect of HTL 

process conditions on aqueous effluent nutrient characteristics.   

6.1 BOUNDARY LAYER DIFFUSIVE RESISTANCE 

 The first part of this study provided a numerical model for predicting algal 

biofilm productivity and nutrient recovery rates as a function of algal growth parameters 

and diffusive resistance stemming from concentration boundary layer formations.  The 

biofilm was modeled as a flat plate with fluid flowing over that received nutrients 

through vertical diffusion of dissolved species.  The major findings of this section of the 

thesis can be summarized as: 

• The model was compared against values in the literature and displayed fidelity to 

experimental findings.  When compared to the results of Ozkan and Berberoglu, 

whose experimental set up the model is based upon, the predicted results were 
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within 5.6% of experimental findings.  Further, the model accurately predicted the 

effect of varied experimental conditions in three other studies. 

• Algal productivity and nutrient removal rates varied greatly along the length of 

the modeled reactor, as a function of local boundary layer thickness.  This implies 

the transport of dissolved nutrients is highly sensitive to boundary layer 

resistance.  With a fluid depth of 1 cm and an average velocity of 1 mm/s, the 

productivity and nutrient removal rates decreased by 89% in 1 meter.   

• Comparison of growth rate contributions from each dissolved nutrient as well as 

irradiance indicate the primary limitation to growth is the transport of atmospheric 

carbon to the biofilm.  The carbon source was assumed as atmospheric diffusion 

and the nitrate and phosphate concentrations were 25mg/l and 3mg/L 

respectively.  The growth rate factor associated with bicarbonate was 

approximately three orders of magnitude lower than that associated with either of 

the other nutrients or irradiance.   

• The effective cultivation of algae in tertiary wastewater fed biofilm 

photobioreactors is contingent on disrupting concentration boundary layer 

development.  Cultivation in these systems will likely be greatly improved with 

the introduction of other carbon sources, such as solid inorganic carbon addition.   

6.2 EFFECT OF OPERATIONAL PARAMETERS ON GROWTH 

 In the second part of the study, certain model input parameters were varied to 

determine their effect on the growth of the algae and the biofilm’s ability to recover 
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nutrients.  The inputs that were varied were fluid depth, fluid velocity and the thickness 

of the biofilm.  All other inputs such as nutrient loadings and growth characteristics of the 

algae were left constant.  The results from this section can be summarized as: 

• Increased fluid velocity served to decrease the thickness of concentration 

boundary layer formations, and by extension, increase the transport of dissolved 

species.  An increase in the average fluid velocity from 1 mm/s to 1 cm/s 

increased the removal rate of nutrients and the areal productivity of the biofilm by 

118%. 

• Similarly, decreasing the thickness of the fluid layer above the algae served to 

decrease the maximum diffusional distance for dissolved species and resulted in 

increased nutrient uptake.  A fluid depth of 0.5 cm, half of the base case depth, 

resulted in a 24% increase in nutrient removal rate and algal productivity. 

• The transport of dissolved nutrients was largely unaffected by the thickness of the 

biofilm modeled.  While this is somewhat counterintuitive, it stems from the 

diffusive resistance of carbon in the fluid layer. When all other parameters were 

held constant, bicarbonate diffused across the boundary layer formations at nearly 

a constant rate regardless of the biofilm thickness, resulting in little variation in 

areal productivity.  

6.3 SIMPLIFIED BOUNDARY LAYER FORMULATIONS 

 The boundary layer derivation presented in this thesis required a numerical 

solution and increased the overall computational burden of running the model.  Two 
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simplified boundary layer formulations were tested an compared to base case results: one 

using the standard Schmidt number correlation to the hydrodynamic boundary layer and 

the second, based upon a linear velocity gradient approximation. The results from this 

section were: 

• The Schmidt number correlation fails significantly.  Though this is the standard 

method for calculating concentration boundary layer thickness, it assumes that the 

hydrodynamic boundary layer continuously grows, which is not the case across 

the reactor’s length in the thin fluid layer modeled.  When the average fluid 

velocity was 1 mm/s and the depth was 1 cm, this boundary layer formulation 

predicts a 15.5cm thick concentration boundary layer at the reactor’s exit, far 

greater than the depth of the reactor. 

• The linear velocity gradient approximation was far closer to the base case 

derivation, and predicted a concentration boundary layer thickness that was an 

average of 11% greater along the reactor’s length.  This 11% greater thickness 

resulted in a nearly 21% decrease in modeled algal productivity and nutrient 

recovery rates, as these outputs are highly sensitive to boundary layer diffusive 

resistance.   

6.4 EFFECT OF HTL PROCESS CONDITIONS ON AQUEOUS PHASE NUTRIENT CONTENT 

 In this portion of the thesis, the process water resulting from the hydrothermal 

liquefaction of wastewater biosolids was tested with ion chromatography for its nitrate 

and phosphate content.  The process conditions of the HTL reactions, specifically the 
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feedstock type and solids content, the heating bath temperature and the residence time 

were varied in an effort to gauge the effect of these parameters on the nutrient content.  

The primary conclusions from this portion of the thesis can be summarized as: 

• The heat bath temperature had little to no effect on either the nitrate or phosphate 

concentrations in the process water.   

• Phosphate concentrations dropped significantly with increased residence time, 

while nitrate concentrations displayed no clear trend. 

• The increase in nitrate and phosphate concentrations trended proportionally with 

the increase in solids content.  This implies that the reactions taking place are 

unaffected by the solids content and simply using more organic solids in the tests 

will yield more biological nutrients in the process water.   

• The nutrient content in the process water from HTL of pre-digestate differed 

substantially from that from HTL of post-digestate.  Pre-digestate process water 

contained substantially greater concentrations of nitrate than post-digestate 

process water, and contained greater nitrate concentrations than phosphate 

concentrations, opposite the trend seen in post-digestate process water.  Pre-

digestate process water is likely the most beneficial nutrient source for the 

cultivation of algae. 

• Nitrate concentrations were typically on the order of 5-10 mg/L, compared to 

1100 mg/L in BG-11 standard nutrient medium.  This relatively low nitrate 
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concentration may be useful as a source of nitrogen supplementation for algal 

growth, but is likely too low to be the primary source. 

• Phosphate concentrations were typically on the order of 10-20 mg/L, compared to 

22 mg/L in BG-11 standard nutrient medium.  HTL aqueous phase reaction 

products may provide a valuable phosphate source on its own for the cultivation 

of algae. 

6.5 RECOMMENDATIONS FOR FUTURE RESEARCH 

 This thesis presents several new opportunities for future research.  Below are 

recommended studies that can be performed to advance the understanding of algal 

biofilms and sustainable nutrient recovery: 

• This thesis models the biofilm as a perfectly flat plate, and assumes completely 

laminar flow in the fluid layer.  It is well understood that turbulent motion can 

enhance transport phenomena; therefore future work should seek to incorporate 

more complex fluid motions in an attempt to optimize algal BPBRs.   

• For simplicity, this model only incorporated three dissolved species: nitrate, 

phosphate and bicarbonate.  While these represent the major constituents to algal 

growth, future work can expand the nutrients of interest to study the effect of 

more trance elements and other forms of nitrogen on growth. 

• The parametric modeling study performed in this thesis sought to understand the 

effect of operational parameters, namely fluid velocity and depth, on growth and 

nutrient recovery rates.  Future work can incorporate parametric studies on other 
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parameters such as nutrient loading rates, and growth characteristics of different 

algal strains.   

• Neither of the two concentration boundary layer approximation methods explored 

in this thesis provided results that were acceptable consistent with the base case 

derivation.  There are, however, numerous other approximations and 

simplifications that can be tested in an effort to reduce the computational burden 

on this model. 

• The physical reactor that was designed, constructed and reported in this thesis is a 

physical representation of the model that was also presented herein.  This tool was 

created with the intent that it can be incorporated in future studies to investigate 

the effect of outdoor conditions on growth and nutrient removal by an algal 

biofilm. 

• As was made clear through this thesis, the characteristics of municipal wastewater 

biosolids vary substantially and a broad characterization of the nutrient content of 

HTL process water from these feedstocks was outside the scope of this study.  

There is an opportunity to perform a broad characterization of the process water 

from these feedstocks as well as a parametric study into the effect of location and 

time on their nutrient content.  
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APPENDIX A: NOMENCLATURE  
 
b Fluid layer thickness (m) 
Cb Concentration experienced in the bulk fluid flow (mol/m3) 
Ci Concentration of a particular dissolved species (mol/L) 
Cs Concentration experienced at the biofilm-fluid interface (mol/m3) 
Di Diffusivity of a particular dissolved species (m2/s) 
GPAR Photosynthetically active irradiance (W/m2) 
hi Diffusional distance of a particular dissolved species (m) 
Ji Flux of a particular dissolved species (mol/m2-s) 
KI,G Irradiance inhibition constant (W/m2) 
KI,i Inhibition constant for a particular dissolved species (mol/L) 
KS,G Half-saturation irradiance constant (W/m2) 
KS,i Half-saturation constant for a particular dissolved species (mol/L) 
P Algal biofilm areal productivity (kg dry biomass/m2-s) 
Re Reynolds number 
Sc Schmidt number 
tb Biofilm thickness (m) 
u Fluid velocity (m/s) 
uavg Average fluid velocity across fluid layer depth (m/s) 
ub Bulk flow fluid velocity (m/s) 
umax Maximum fluid velocity in velocity profile (m/s) 
Yi Biomass yield for a particular species (kg dry biomass/kmol) 
  
Greek Symbols:  
α  Biofilm angle of inclination (°) 
γ Specific weight (N/m3) 
δ Momentum boundary layer thickness (m) 
δc Concentration boundary layer thickness (m) 
θc Concentration-displacement thickness (m) 
μ Fluid dynamic viscosity (N-s/m2) 
μmax Maximum Monod growth rate (s-1) 
μtot Total Monod growth rate (s-1) 
ρd Biofilm dry cellular density (kg/m3) 
  
Abbreviations:  
BPBR Biofilm Photobioreactor 
HTL Hydrothermal Liquefaction 
PAR Photosynthetically active radiation 
TOC Total organic carbon 
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APPENDIX B: MATLAB SCRIPT FOR NUTRIENT UPTAKE MODEL 

 

Following is the main code for the algal productivity and nutrient uptake 

modeling used in this study.  The inputs of this code can be listed as: the algal 

stoichiometric yields, algal growth characteristics, biofilm thickness, fluid depth, fluid 

velocity, reactor length, and nitrate and phosphate concentrations.  This code calculates 

the local productivity and uptake rate of each nutrient as well as the growth rate factor 

associate with each nutrient as well as irradiance. 
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APPENDIX C: MATLAB SCRIPT FOR ALTERNATE BOUNDARY LAYER METHODS 
 

The following section of code is a supplementary addition to the main code 

presented above.  This portion of the code calculates the boundary layer thickness 

associated with the Schmidt number correlation, the linear velocity gradient 

approximation and the base case derivation. 
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APPENDIX D: MATLAB SCRIPT FOR PLOTTING OF RESULTS 

The following section of code loads the results from the previous two coding 

sections and exports the data in the form of figures and plots.  This code is used only for 

presenting final results. 
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