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Abstract

A bacterial-algae-zooplankton system was proposed to cultivate zooplankton on
digestate-grown algae as a fishmeal replacement for aquaculture. The proposed system was
designed for the purpose of creating a more sustainable alternative to direct land application of
anaerobic digestate. This work develops a process model to predict the material flows of a full-
scale system based on experimental data and uses this information to perform a life cycle
assessment on the system. Seven impact categories were selected for analysis: land use (LU, m?
land/m* AD), global warming potential (GWP, kg COz eq./m* AD), water use (WU, m® water/m’
AD), fresh water eutrophication (FWEP, kg P-eq/m* AD), marine eutrophication potential (MEP,
kg N-eq/m*> AD), particulate matter (PM, PM 2.5-eq/m*> AD), and terrestrial acidification (TA,
SOz-eq/m* AD). The results show that the proposed system may provide some environmental
benefit over direct land application, particularly in the areas of marine eutrophication and

terrestrial acidification.
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1.0 Introduction

Development of sustainable wastewater treatment processes is a crucial step in
accommodating the world’s increasing population and developing the circular economy (Guerra-
Rodriguez, 2020). Land application of biological wastewaters is a common soliton with effect of
avoiding the impact fertilizer production and waste landfilling, however, issues arrive with
oversaturation of land application in a small area (Lory et.al,2006). The nutrients within
wastewater provide ample opportunities for waste upgrading. Innovations in the area of
sustainable waste management can help in making progress towards the United Nations
sustainable development goals of zero hunger, clean water and sanitation, responsible

consumption and production, climate action, and life on land (UN, 2015).

Anaerobic digestion is a well-established and widely applied technologies that uses bacterial
to break down waste improve the sustainability of the waste-treatment process, with the resultant
product are nutrient rich and are commonly used as a soil amendment (Costa et. al., 2015). One
alternative, which incorporates waste upgrading and circumvents the issue of over application, is
wastewater-grown algae (Abdel-Raouf et.al., 2012). Microalgae has the capacity to remove
nutrients and heavy metals from waste. Though anaerobic digestate contains essential nutrients
required for growth of algae, issues with growth inhibition have proven to be a roadblock
(Franchino et. al., 2019). Dilution of high strength digestates has been used to circumvent the

issue, however, this solution is imperfect as it requires high water input and dilutes useful



nutrients at the same rate as inhibitors. Wang et. al., 2019, developed a bacterial pretreatment
system that doses anaerobic digestate with activated sludge and aerates over four days. This
method had proven highly effective at reducing algae growth inhibition and improving yields

without additional water input.

The resulting biomass has many potential applications, with the possibility for algal biofuels
being among the most exciting. This application has faced difficulty in achieving commercially
viable yields and remains an experimental approach (Saad, 2019). Another proposed option for
wastewater grown algae is cultivation of zooplankton as a fishmeal replacement in aquaculture
(Hyman et. al., 2020). Aquaculture is a sustainable and highly productive source of food, yet still
faces some challenges as increase demand has led to ecosystem depletion in pursuit of resource

inputs.

The goal of the work is to evaluate the sustainability of zooplankton cultivation with algae
grown on bacterially treated anerobic digestate by performing a life cycle assessment (LCA) on a
proposed bacteria algae-zooplankton system to upgrade waste into fishmeal. This LCA will be
based on a process model designed to calculate the material flows of the full scale process based
on experimental data. Life cycle assessment is a crucial step of sustainable deign and is integral

in bridging the gap between experiments and real-world applications.

2.0 Literature Review

2.1 Life Cycle Assessment Overview

Life cycle assessment (LCA) is a scientifically rigorous methodology to evaluate and

quantify the environmental impacts of a product or process. Standards for LCA are defined by
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ISO 14040. The LCA begins by clearly defining why the LCA is being performed and how the
results will be used, as well as what information will be used to perform the LCA, how in depth
the LCA will be, and what will be included in the system boundary. This is referred to as the
goal and scope definition. This includes selecting the functional unit, which is the service being
provided by the product or process. This phase is important because it sets the stage for the rest

of the study and has critical implications for the applicability of the final results (Rebitzer et.al.,

2004).

Following goal and scope definition, the practitioner will begin collecting data on the
material and energy flows across the system boundary (Rebitzer et.al., 2004). This step is call
life cycle inventory, or LCI . During it, decisions must be made regarding allocation of resource
inputs and emission and products outputs to different parts of the process. Careful consideration
of allocation is crucial to achieve an accurate representation of the impacts of each step of the
system (Curran, 2008). Allocation of co-products, which are valuable outputs from the system
other than the defined function, is an important aspect of this. One way to address co-product
allocation is through the process of system expansion, by which the impact of the process that is

avoided by the co-products is credited to the system.

LClI is followed by life cycle inventory analysis (LCIA). During this phase, the results of
the LCI are multiplied by conversion factors in order to convert them into selected impact
categories, which include environmental impacts such as global warming potential,
eutrophication potential, and water depletion (Pennington et.al., 2004). LCIA results are
expressed in terms of substance equivalents. For example, greenhouse gasses are converted into

unit of COz equivalent per functional unit.
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Finally, the last step is interpretation. Interpretation should occur throughout the course of
the LCA, leading to iteration of steps when appropriate. Interpretation is particularly emphasized
at the end of the LCA, at which point the practitioner will weigh the LCIA results with the
context of the study, limitations, biases, and any other influencing factors in order to make a
judgement on the implications of the results for the process. This step involves subjective
evaluation and requires nuance and care in order to provide an honest and accurate representation

of the results (Dieterle et.al., 2018)
2.2 Anaerobic Digestion

Anaerobic digestion is a fermentation process by which microorganisms break down organic
materials in the absence of oxygen. When applied to treatment of agricultural and municipal
wastes, anaerobic digestion presents a more sustainable alternative to incineration and landfilling
(Khalid et. al., 2011). The products of anaerobic digestion are biogas, which consists mostly of
methane, and digestate, which includes both a solid and liquid fraction. Nutrient rich digestate is
commonly applied as a land amendment, which has the benefit of offsetting the cost and
environmental impact of manufactured fertilizers and avoiding landfilling of digestate (Nieselen,

2009).

Evaluating the sustainability of wastewater treatment plants is particularly challenging, as
variations in feedstock, climate, and system design can lead to wildly different results for the
same process. These issues can be compounded by the challenges associated with LCA, with
differences in system boundaries, co-product allocation, and interpretation all serving to
complicate comparisons between systems (Corominas, 2020). While these variations by no
means preclude comparisons between systems or judgment on their relative sustainability, they

should be considered when comparing life cycle assessments.
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Life cycle assessment of anerobic digestion reveals that the process is far more favorable
than conventional practices, outperforming conventional disposal in every category (Cartes,
2018). Significant variation was seen between studies due to differences in initial waste
composition and operational conditions such as pH and temperature. Energy from methane gas
produced during digestion contributes significantly to the sustainability of the process and is a
major draw for anaerobic digestion, though the biogas yield varies significantly between plants
and appropriate design is necessary to maximize this benefit (Ardolino et. al., 2018; Bacinetti et.
al., 2016). As with all LCAs with significant co-products, allocation methods play as significant
role in the outcome of LCAs of anerobic digestate and require careful consideration (Timonen et.

al., 2019)

Ideally, anaerobic digestion of municipal wastes offers a sustainable option for waste
upgrading with opportunities for diversified revenue streams in the form of fertilizer replacement
and energy from biogas. LCA indicates that land application of digestate, both in its raw and
fractionated form, offers a favorable alternative to manufactured fertilizers (Angouria-
Tsorochidou et. al., 2022). However, continued application can lead to build up of nutrients,
causing harm to the soil and surrounding areas, though the benefit to the soil is still much
improved over direct application of undigested manure (Gémez-Brandon et. al., 2016). Supply
for digestate as a soil amendment tends to exceed demand, resulting in eutrophication and
excessive ammonia volatilization from over application. This results in waste processing
facilities having to pay to offload digestate so that is can either be incinerated or transported to

agricultural sites further from the place of origin.

With these challenges in mind, it is worthwhile to consider alternative applications for
anaerobic digestate. One option is processing of the solid fraction into biochar (Marousek et.al.,
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2023). Though biochar has been demonstrated to hold a myriad of promising applications, there
is no shortage of feedstock for biochar and this option is energy intensive and requires separate
processing of the liquid fraction. Other novel alternatives have been identified, yet fail to show
significant promise in terms of economic benefit and logistical feasibility (Kammel, 2004;

Naruana and Goulds, 2006).
2.3 Algae

Another unique application of anaerobic digestate that has been investigated is nutrient
removal using microalgae (Chong et.al., 2022; Tawfik et.al, 2022; Wang et. al., 2010). Algal
waste water treatment extends well beyond anerobic digestion, with research having been done
into treatment of a variety of waste products. The nitrogen and phosphate contained in
wastewaters that contribute to problematic eutrophication are needed for algae growth. Along
with a thoughtfully designed cultivation systems, green algae may provide the ideal sink for

nutrient in anaerobic digestate (Mohsenpour et. al, 2019; Park et. al., 2011)

One issue with wastewater grown algae is growth inhibition. If algae fails to flourish in the
wastewater, nutrients will not be sequestered and the system will be deemed to be ineffective.
The exact mechanisms by which algae are inhibited on wastewater are not well understood,
however, turbidity, contamination with industrial toxins, organics, and high ammonia
concentrations have all been identified as culprits (Tousova et.al., 2018; Wang et. al., 2021).
Dilution has been identified as a solution to inhibited and has demonstrated some success in this
area, however, this option requires large amounts of water and dilutes beneficial nutrients at the
same rate as inhibitors, making route less than ideal (Xu et.al., 2015). A variety of pre-treatment
techniques have been proposed to help alleviate inhibition without dilution (Rodriguez et. al.,

2015; Wang et. al., 2019)
13



Besides merely removing nutrients, algae presents the opportunities for a variety of valuable
co-products which have the potential of offset of the cost and environmental inputs of cultivating
the algae (Pulz et.al., 2004). An exciting and much discussed algae product is algal biofuels.
Algae contain a lipid fraction, which can be processed into fuel. Studies show promising results
in terms of environmental benefits, especially in the area of land use in comparison to other
biofuels. At present, however, algal biofuels are not able to meet the demands of the market,
tending to require greater energy inputs for cultivation and process that what the final fuel

delivers (Carneiro et. al., 2017).

Another option is biomaterials and bioplastics (Ozcimen, 2017). Similar to algal fuels, algal
plastics mimic petroleum products to create and analogous biomaterial. Though these materials
are durable, sustainable to produce, and address the ever present issue of plastic pollution, this
algae derived biopolymers are far more expensive to produce and still present the issue of CO2

release upon decomposition (Devadas, 2021)

One use for algae which relies less on innovative processing technologies and the consumer
market is aquaculture feed (Christaki et. al., 2010). Algae are high in protein and demonstrate
superior quality over other plant based proteins, though the high cost of algae production limits

the viability of this option at full scale (Becker, 2007).
2.4 Zooplankton

The value of algae as an aquaculture feed may be further increased by upgrading algae into
an aquatic primary consumer such as zooplankton (Hyman et. al. 2021).. Zooplankton are an
extremely high-value protein source, with the potential to substitute the costly fishmeal fractions

of aquaculture feed (Kibria et.al., 1997). Conventional fishmeal often consists of wild caught
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species such as the Peruvian Anchovy or so-called trash fish. Wild catching fishmeal can create
issues with ecosystem depletion. Much of this fishing occurs in South America, necessitating
shipment of the product to the aquaculture site for operations outside of this region (Fréon et. al.,
2017). Additionally, much of the “waste” fish that is processed into fishmeal is entirely viable

for human consumption, representing a loss of resources and revenue (Allan, 2004)

Substitution of a more sustainable fishmeal option has been identified as both and economic
and environmental imperative, yet existing plant based alternatives have been found wanting in
terms of nutrient composition (Jannathulla et.al., 2019) Zooplankton has been shown to far
outperform proposed plant alternatives to conventional fishmeal processes in terms of fish yield
and quality (Hassan et.al, 2020). Sustainable production of zooplankton for fishmeal presents an

appealing solution to several environmental, economic, and logistical challenges.

3.0 Methods

3.1 Goal and Scope

The goal of this study is to perform a life cycle assessment of a bacterial-algal-
zooplankton system to treat waste and produce zooplankton for fish feed by feeding zooplankton
with digestate-grown algae (figure 1). This study synthesizes data from experiments performed
in fulfillment of the project “Development of a bacterial-algal-zooplankton process for
conversion of agricultural waste into aquaculture feed” directed by Dr. Brendan Higgins and
funded by the USDA Agricultural and Food Research Initiative competitive grant. The system
boundary includes filtration and bacterial pre-treatment of anaerobic digestate and cultivation of

algae and zooplankton (figure 3). Construction of the facilities and equipment and equipment for
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the process and end-of-life impacts are excluded as it is expected that construction impacts will

be insignificant (Hong et.al., 2008; Mezzullo et.al., 2012; Singh et.al.,2020)

The functional unit was defined as 1 m® of treated anaerobic digestate (AD). The chosen
impact categories were land use (LU, m? land/m*> AD), global warming potential (GWP, kg CO2
eq./m> AD), water use (WU, m® water/m*> AD), fresh water eutrophication (FWEP, kg P-eq/m’
AD), marine eutrophication potential (MEP, kg N-eq/m* AD), particulate matter (PM, PM 2.5-
eq/m® AD), and terrestrial acidification (TA, SO2-eq/m* AD). These categories were selected
because they are commonly used in waste treatment LCAs (Corominas et.al., 2020) and because
the data necessary to build the inventory for the impact assessment of these categories is readily

obtainable from experimental data and literature or can be calculated based on accessible data.

A. Current practice

Agricultural
wose/ )
wastewater
Storage Leaching

Volatilization (NH3, CH,)

B. Proposed system o r—r
===) Heat and power
Biogas $
Cco

2

Anaerobic digestion
Agricultural ‘
waste/ ‘
wastewater

Aerobic
bacteria

Land application of solids ($)

Figure 1. Schematic of proposed bacterial-algal-zooplankton system versus current land
application practices. This image is from the original grant proposal “Development of a
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bacterial-algal-zooplankton process for conversion of agricultural waste into aquaculture feed”
Higgins, 2019.

3.2 Process Model

The system was modeled on a semi-continuous basis using Microsoft Excel and SuperPro
Designer in order to predict the outcomes of the full-scale process based on experimental data.
SuperPro Designer was used to visualize the inputs and outputs of the process and verify the

Excel results. The SuperPro Designer process flow diagram is shown in appendix A.

3.2.1 Mass Balance Stoichiometry

The sludge formation during pre-treatment, algae growth, and zooplankton growth were
all estimated using stoichiometric mass balances. CHNS elemental analysis was performed on
algae and zooplankton samples using a vario MICRO cube Elemental Analyzer to obtain macro
elemental mass percentages of the materials (Hyman et. al. 2021). Values of P for algae and
zooplankton came from Tibbets et. al., 2015 and Anderson & Hessen, 1991 respectively.
Elemental composition values are given in table 1. Ash analysis was also performed on algae and
the ash content of zooplankton was obtained from El-feky & Abo-Taleb, 2020. This information
was used to calculate the empirical formulas for zooplankton and algae, which are displayed in
table 2. These empirical formulas were used to create stoichiometric relationships between the
nutrients in AD and algae, and between algae and zooplankton, which are shown in table 3
Metcalf and Eddy, 1991 was used as the source of the empirical formula for sludge and to inform

the pre-treatment sludge reaction, with COD being modeled as acetate.
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Table 1. Elemental Mass Composition

C% H % N % S % 0% P %
Algae 41.02 6.43 7.63 0.66 24.76 1.65
Zooplankton 45.09 7.15 8.68 0.8 22.15 0.53

The yields obtained from the mass balance model were verified by comparing against
experimental results (Wang et. al. 2019; Wang et. al., 2021; Hyman et. al. 2021). The expected
concentration of sludge following pre-treatment was determined via dry weight correlation from
experimental samples and was used in balancing the stoichiometric equation. The known nutrient
values before and after pre-treatment were used to determine the distribution of ammonia that
was converted into sludge, volatized, or passed on through the process. Similarly, the know
nutrient uptake rates for algae were used to establish the stoichiometric relationships and
estimate the algae yield and nutrient sequestration vs. volatilization. The stoichiometry for
zooplankton incorporates a feed conversion ratio of 0.28 (Hyman et.al., 2021), with the
unconverted feed being broken into its constituent nutrients. The feed consumption rate was set

at 95% for the base case and it is assumed that unconsumed algae is converted into N and P.

Table 2. Empirical formulas of process materials.

Material Empirical Formula
Sludge C,H40;
Algae Ci66H310N26050P3S

Zooplankton C219H41aN36016SP
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Table 3. Stoichiometric relationships for system processes

Reactants Products

Component
— Acetate|Algae| O, |CO,|H,0|NH;|/H;PO;/H;SO,|Sludge|Algae
Reaction |

Zoop-

iomkton| 02| €Oz | H:0 | NHy [H;PO;|H;SO,

Pre-
treatment
sludge
formation
Algae
growth

Zaopraiaon 472 | 633.01 1 563.65|369.57 |86.43| 13.14 | 3.26
growth

11.58 1.47 1 6.64 4.05 4.83

166|110 | 26 3 1 1 189

3.2.2 Aeration and Culture Vessels

The pre-treatment process is described in Wang et.al., 2019. In the experiment, activated
sludge is added to the digestate which is aerated for four days at 0.2 vvm. The digestate is
filtered before and after pre-treatment. The pre-treatment vessel for the model is loosely based on
an aerated lagoon design (US EPA, 1999). This design was chosen because aerated lagoons are a
practical option that are commonly used in many waste-treatment processes and can replicate the
aeration and agitation present in the experiment. The volume of the pond was based on the daily
output of AD from the Columbus Waster Works (CWW) plant in Columbus, GA, which is
120,000 gallons per day. The hydraulic retention time (HRT) of the pre-treatment process is four
days, therefore the pond is designed to accommodate four days of worth of post-filter AD from

CWW. The formula used to calculate the power requirements (P, in kW) of aeration is as follows

(Cimabala and Cengel, 2014):

P = Hpcyiture gV (eq. 1)

19




Where H is the depth of the aerator, which was selected as 3 m in accordance with the EPA
aerated lagoon fact sheet. poyjeyure is approximated as the density of water (1000 kg/m?),

acceleration due to gravity (g) is 9.81 m/s?, and ¥ is 6.66 m® air/sec. (converted from 0.2 vvm).

Eo pt (eq. 2)

77blowerr’motor

The energy requirement (eq. 2; E, in kWh) is calculated by multiplying power by the
number of hours that the pond will be aerated per batch (t = 96 hours) and dividing by the

efficiency of the blower (np;0wer = 0.75) and the efficiency of the motor (9,n0t0r = 0.95).

The algae cultivation portion of the process is based on Wang et. al., 2019 and Wang et.
al., 2021. Chlorella Sorokiniana was modeled as being cultivated in raceway ponds, which is a
common option for algae cultivation and is effective at providing the light exposure and aeration
necessary for effective algae growth (Acién et.al., 2017). Design of the raceway and estimation

of the paddle wheel power requirements was based on Sompech et. al., 2014.

The pond depth was set at 0.3 m. To avoid exceeding the maximum recommended
surface area of 5000 m?, the system was modeled as using two raceway ponds. To determine the
dimensions of the pond, the length to width ratio was set as 6 to 1 (Pandey, 2017). The volume of
the pond was set to accommodate one half of post-filter pre-treatment culture. The length and

width of the pond were then calculated using Excel Solver.

The following equation from Sompech et. al., 2014 was used to calculate the energy

demand of the paddle wheels (Epqadie wheet):
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3
CdpcultureAPvP ) * t (eq' 3)

Epaddle wheel = ( 2

The drag coefficient (Cy) is 1.8, time (t) is 120 hours, pcyiture 1 approximated as the density of
water, and the area of the paddle wheel perpendicular to the direction of motion (4, )is 4.6 m? .

The velocity of the paddle wheel (v,) is 2.09 rad/s, converted from 20 rpm (Pandey and, 2017).

The raceway ponds are supplemented with 0.01 vvm CO2 (Wang et. al., 2019). The
energy required to pump COz into the raceway ponds is calculated in the same fashion as the

aeration for the pre-treatment, with H being equal to the depth of the raceway.

The zooplankton cultivation vessel is modeled as a simple, un-aerated pond. It is sized
based on the expected algae yield, such that a 10 mg/L concentration of feed would be achieved.
It is assumed that the zooplankton are separated via screening and that the final effluent, as well
as effluent from algae dewatering (section 2.2.4) and the belt press filter sludge cakes (section
2.2.3) are land applied. The process of calculating emissions from land application is described

1n section 2.2.7.
3.2.3 Filtration

According to Wang et.al., 2019, the AD is filtered before and after pre-treatment.
Filtration was modeled after a belt press filter (BPF). BPFs are a common option for filtering
large volumes of anaerobic digestate, replicate what is used at CWW, and is a reasonable full-
scale alternative to the vacuum filtration used in the experiment. BPFs separate liquids from

solids by pressing the material against a permeable belt, squeezing out the liquid and leaving
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behind a sludge cake. It is necessary to wash the belts to remove sludge and maintain proper

functioning.

The initial sludge concentration was modeled as 5% (50 kg solids/m®), which is based on
information from the CWW website. The solids content following the initial filtration was based
on dry-weight correlation calculations on optical density measurements taken of AD after

filtration.

The energy requirement to operate the BPFs were 20 kWh/ton solids (Huber
Technology, 2023). The BPF loading rates for AD are based on the following information from
Metcalf and Eddy, 1991: BPF liquid loading rate is equal to 14-37 m? liquid/hour/m belt width,
BPF solid loading rate is equal to 680-910 kg solids/hour/m belt width. Due to the high solids
concentration and large volume of material, the maximum loading rate of 910 kg solids/hour/m
belt width (converted to 2730 kg/hr based on a belt width of 3 m (Alfa Laval, 2023)) was chosen
for the initial filtration (BPF 1). Dividing the total kg of solids by this number gives the BPF1
run time of 33.27 hours and the liquid loading rate of 54.6 m*/hour is calculated based on the
solids loading rate and concentration. Based on the EPA belt filter press fact sheet, BPF1 sludge

cake is modeled as 30% solids.

Sludge formation occurs during the pre-treatment process, increasing the solids
concentration. Solids formation during pre-treatment is determined based on a dry-weight
correlation analysis and is modeled using stoichiometric relationships (section 2.2.2). Due to the
low solids content, the liquid loading rate of BPF 2 was set as 37 m*/hr/m belt width (111 m?/hr)
and the solids loading rate was calculated as 19.38 kg/hr. Because the solids concentration is
very low, it is expected that the sludge cake will not achieve standard level of dryness, and is

therefore set to 10% solids.
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Belt wash water is a notable input of BPF operation, however, little information is
available on the precise amount of wash water necessary per unit of waste filtered. The Fournier
Dewatering website indicates that a BPF uses 40-110 gallons of water per minute. The water use
for each BPF was estimated by first establishing a range of loading rates and wash water values
for small, medium, and large BPFs based on the value range from Metcalf and Eddy. This
distribution is displayed in table 4. Once the size category of the BPF was established based on
its loading rate, the wash water amount was estimated using linear interpolation with the loading
rate and maximum and minimum wash water and loading rate values for the size category. Due
to uncertainty surrounding this parameter, it was chosen as the subject of sensitivity analysis

(section 2.5)

Table 4. Belt Press Filter Sizing

Wash water (m3/hr) Loading rate (m>/hr)
Small 9.08-14.31 42-53.49
Medium 14.31-19.53 53.49-76.5
Large 19.53-24.08 76.5-111
3.2.4 Algae Settling

Following cultivation, algae is settled in a clarification vessel. Flocculants are often used
to accelerate and improve the settling process, however, because of lack of information on the
environmental impact of flocculants and potential toxic effects on zooplankton (Sotero-Santos,
2007), flocculants were excluded from the base case scenario. Biomass recovery is set to 80%

and achieves a concentration of 1.5 kg/m? (Craggs et. al., 2012; Shelef et.al., 1984).
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3.2.5 Pumping

Along with aeration and filtration, pumping is a notable source of energy consumption
for the system. Pumping is modeled such that elevation change will reduce the head
requirements and it is assumed that all operations take place at the same site. A total of nine
pumps were modeled and are as follows: anaerobic digester to holding tank, holding tank to
BPF1, BPF1 to holding tank, holding tank to pre-treatment, pre-treatment to BPF2, BPF 2 to
raceway ponds, raceway ponds to zooplankton cultivation (one pump for each raceway),
zooplankton cultivation to screening. The following equations were used to calculate the

required head (Cimabala and Cengel, 2014):

H = (Hmajor losesses + Hminor losses + Ah) * fS (eq' 4)

L v? (eq. 5)
Hmajor losesses — fﬁz

v? (eq. 6)
Hpinor losesses = KZ_

g

The friction factor f was determined using a Moody Diagram, along with the Reynold’s number
(eq .7) and relative roughness (eq. 8). The roughness coefficient (€), minor loss coefficient (K),
and kinematic viscosity (v) values were all obtained from engineeringtoolbox.com. It is assumed
that all densities are 1000 kg/m?>, all pipes are PVC, and that pipe lengths are all 20 m. A factor

of safety (fs) of 1.5 was applied (Metcalf and Eddy, 1991).

vL 2
Re =" (eq. 7)
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€
Relative roughness = ) (eq. 8)

For materials where the solids contentment was greater than 0.25%, the Metcalf and
Eddy advanced rheology method for sludge pumping was applied to calculate the major losses.
The results of the advanced rheology method were compared against the standard method. If the
standard method yielded a higher value, it was assumed that frictional forces are dominant and

the standard method value is used.

The energy demand was calculated using equations 1 and 2, with 1,y being replaced
by Npump- The values of 1,y for different pumps were obtained using Gould’s Pump Selection

Software.
3.2.6 System Layout

The spacing for all units is assumed to be 20 m apart. The area needed for each unit
except for the BPFs was obtained through sizing calculations based on system demand, as
described above. Dimensions for the BPFs were obtained from manufacturer documentation
(Alfa Laval, 2023). A simple 3D CAD model was used to visualize the arrangement of the

components and calculate direct land occupation.
2.2.7 Land Application Impacts

The impact of land application of system effluents follows the method described in
Angouria-Tsorochidou et.al., 2022. The three areas of impact for land application are

transportation, spreading, and direct emissions. The transportation distance is modeled as 10 km
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in a class 8B diesel truck. Inventory values for transportation were obtained from 2022 GREET®

model (Wang et.al., 20202).

For land application, the nutrient limits were 30 kg P/ha and 170 kg N/ha. Once the
limiting nutrient was determined, the spreading area was calculated by dividing the limiting
nutrient per m* AD by the respective nutrient limit. The input for spreading is modeled as 13 L
of diesel per hectare. The inventory values are from the 2022 GREET® model for a diesel

tractor.

Post-spreading ammonia volatilization was calculated by multiplying the kg of ammonia
applied per m> AD by 0.65 kg ammonia emitted/kg ammonia applied. This value was obtained
by dividing the kg of ammonia per m* AD from a LCA of direct land application by kg of

ammonia emitted per m®> AD from the same study (Angouria-Tsorochidou et.al., 2022).

3.3 Life Cycle Inventory

The life cycle inventory provides an accounting of inputs and outputs across the system
boundary. Data on biological yields and nutrient flows, as well as water and electricity demands
were obtained from the process model described in section 2.1. Information on the greenhouse
gas emissions due to electricity and transportation came from the 2022 GREET® model (Wang
et.al., 20202). Inventory data for all other impacts due to electricity were taken from the NETL

Electricity Grid Mix Explorer.
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Figure 2. lllustration of process flows with system boundary.

2.3 Life Cycle Impact Assessment

The impact assessment incorporates impact factors to convert inventory values into the
seven impact categories described in the goal and scope section. The impact assessment was
done according to the ReCiPe2016 Midpoint method using the hierarchal mode (Huijbregts et.

al. 2017).

Zooplankton was a co-product of this system. Co-product allocation was handled through
the method of system expansion, by which the impact of producing an item which the co-product
replaces is subtracted from the overall impact of the system (Abraham, 2017). Fishmeal (FM)

was chosen as the replaced product because zooplankton have a similar nutritional profile to
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fishmeal and has been explored as a fishmeal alternative (Pelleteir, 2018). Data on the impact of
FM was synthesized from other LCA studies (Silva et. al., 2018; Fréon et. al.,2017; McKuin et.

al., 2023; Samuel-Fitwi et. al., 2013).

The replaced product for land application was 17-5-13 fertilizer, as the nutrient content is
similar to that of the digestate. Fertilizer inventory values were obtained from Hasler et.al., 2015
and were used to calculate the impact of the products according to the previously described

impact categories.
3.4 Scenario Analysis

Scenario analysis is a way to test out different options for the process in order to
understand how these changes will impact the final results. The selected scenarios are described
in table 4. These scenarios were chosen because they represent plausible alternatives to the

existing process design which may impact the environmental footprint of the system.

S1 and S2 were chosen because experimental results suggest that it may be possible to
achieve similar results in the pre-treatment step with an HRT of one day, rather than four (Wang
et.al., 2021). This is important because the energy input from pre-treatment aeration is one of the
most significant impacts of the systems. The shortened HRT had minimal impact on Chlorella
Sorokiniana yield and productivity, however, other algae species demonstrated reduced nutrient
uptake and growth. For this reason, a 1 day HRT scenario was executed with and without growth

reduction.

The Zooplankton culture step requires large amounts of water. There is the potential to
reuse the water over multiple batches, however the ammonia concentration in the water may

exceed what is tolerable by the zooplankton upon multiple recycles (Arauzo, 2003). Preliminary
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experimental results indicate that the zooplankton may have a much higher ammonia tolerance
than was previously believed. For S3 the assumed zooplankton tolerance is increased from 2.5

mg/L to 10 mg/L, allowing the zooplankton cultivation water to be reused six times.

The process model showed that sulfate was the limiting reactant in the algae growth step.
S4 supplements sulfate into the system such that it is no longer the limiting factor in algae yield.

This provides insight into how varying nutrient levels may impact the outcome of the system.

Flocculation is commonly included in algae dewatering to accelerate and improve
separation of biomass from water. Due to lack of information on environmental impact of ferric
flocculants, which in preliminary experiments have shown evidence of being the most effective
option for digestate-grown Chlorella Sorokina, flocculation was excluded from the base scenario
in favor of natural sedimentation. In S5, flocculation was incorporated to understand how

improved biomass separation impacts the zooplankton yield and final results.

The base scenario assumes that all process operations take place at the same location with
any transportation of the final products excluded from the system. Realistically, it is likely that
the zooplankton would be cultivated at an aquaculture facility that is separate for the rest of the
system. S6 evaluates the impacts of transporting the algae 20 km to a separate zooplankton
cultivation site. For this scenario, flocculation and belt press filtering are applied to the algae so

that they are sufficiently dewatered for transport.

Table 5. List of scenarios

Scenario | Description

Pre-treatment process takes 1 day, rather than 4. It is assumed that there is no impact on

S1 algae yield.

S2 Pre-treatment process takes 1 day, rather than 4, and there is a ~30% reduction in algae

29



yield.

33 Zooplankton screening effluent is recycled for zooplankton cultivation 6 times before
being discarded.

4 Sulfate is supplemented into the system such that it is no longer the limiting reactant in
algae growth.

S5 The algae settling step includes flocculation, rather than natural settling alone.

S6 Dewatered algae are transported 20 km to zooplankton cultivation site.

2.5 Sensitivity Analysis

Sensitivity analysis presents the opportunity to test out varying values of parameters for
which uncertainty exists. This differs from scenario analysis in that the model is run using
several different values of one parameter, rather than altering several parameters by changing a
major part of the system. Two parameters were selected for sensitivity analysis: belt press filter
wash water volume and zooplankton feed conversion percentages. As described in section 2.2.3,
there is a lack of reliable sources for BPF wash water demand and the values used in the base
scenario are extrapolated from limited information. Sensitivity analysis was performed by

varying the amount of wash water used in the range of +/- 50% of the base case value.

For zooplankton, the experiment involved feeding the zooplankton on an on demand
basis, based on spectrophotometric analysis. This level of precision will not be feasible at full
scale and imprecise feeding will result in unconsumed algae. For this reason, sensitivity was
tested by varying zooplankton consumption of algae in a range from 100% to 65% in increments

of five percent.
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4.0 Results and Discussion

4.1 Life Cycle Inventory and System Yields

The base scenario produced 1.75 kg algae/m® AD, which is used to grow 0.34 kg
zooplankton/m® AD. The full life cycle inventory of the base case is given in table 6. Total

values are given in bold and component values are given in italics.

Table 6. Life cycle inventory results for base scenario

Inputs Value Operation
Anaerobic digestate (m’/m?) 1
Ammonia (kg/m*AD) 2.27
Phosphate (kg/m>AD) 0.65
Sulfate (kg/m*AD) 0.04
Water (m*/m> AD) 139.42
Belt press filter wash water (m*/m> AD) 0.38 Pre-treatment
Zooplankton cultivation (m*/m> AD) 139.05 Zooplankton cultivation
CO; (kg/m* AD) 172.63 Algae cultivation
Electricity (kWh/m* AD) 16.79
Pre-treatment (kWh/m®> AD) 15.72 Pre-treatment
Pumping (kWh/m® AD) 0.07
Aeration (kWh/m® AD) 14.55
Filtration (kWh/m’® AD) 1.11
Algae cultivation (kWh/m® AD) Algae cultivation
Pumping (kWh/m® AD) 0.01
Aeration (kWh/m® AD) 1.06
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Zooplankton cultivation (kWh/m’) AD) 0 Zooplankton cultivation
Yield Value Operation
Zooplankton (kg/m* AD) 0.34 Zooplankton cultivation
Direct emissions to land Value Operation
Ammonia (kg/m* AD) 1.22
Sludge cake (kg/m’ AD) 0.39 Pre-treatment
Settling effluent (kg/m® AD) 0.17 Algae cultivation
Final effluent (kg/m* AD) 0.66
Phosphate (kg/m* AD) 0.64
Sludge cake (kg/m® AD) 0.15 Pre-treatment
Settler effluent (kg/m® AD) 0.09 Algae cultivation
Final effluent 0.40
Sulfate (kg/m* AD) 0.03
Sludge cake (kg/m’ AD) 0.0 Pre-treatment
Settler effluent (kg/m’> AD) 0 Algae cultivation
Final effluent (kg/m’ AD) 0.02
N, unconsumed algae (kg/m* AD) 0.01
P, unconsumed algae (kg/m* AD) 0.001
Direct emissions to air Value Operation
Ammonia (kg/m* AD) 0.96
Volatilized from Pre-treatment 0.88 Pre-treatment
Volatilized from Algae cultivation 0.07 Algae cultivation
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4.2 Life Cycle Impact Assessment

4.2.1 Land Use

There was miniscule variation in land use across all scenarios except for S6 (fig. 4). The
small differences that were present were due to variation in indirect impacts from electricity use
and credits from zooplankton fishmeal replacement. S6 has a slightly higher value for land use
because it incorporates an additional belt press filter to dewater algae prior to transportation,
whereas all other scenarios use the same equipment and layout. The largest land use impact was

the zooplankton cultivation pond, which accounts for over 75% of land use impact in all cases.

Land Use (m?land/m? AD)
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Figure 2. Land use (m’ land/m> AD) for the base case and scenario one through six (S1: 1-day
pre-treatment, no growth reduction; S2: 1-day pre-treatment, with growth reduction; S3:
zooplankton effluent recycling; S4: sulfate supplementation; S5: flocculation; S6. algae
transportation).
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4.2.2 Global Warming Potential

Electricity use from pre-treatment aeration had the largest impact on GWP by far,
accounting for 92.91% of the GWP impact for the base case. S1 and S2 had more favorable
outcomes for GWP due to the reduction in aeration time for the pre-treatment step. The algae
growth reduction in S2 led to only a slightly higher global warming potential due to smaller
zooplankton fishmeal replacement credit, however, it is important note that though the reduced
zooplankton yield has minimal effect on the system’s environmental impact, the effect would

have different implications when considering the system’s economic impacts.

The credit applied for fertilizer replacement had a significant effect on the GWP impact,
resulting in a negative impacts. The zooplankton credit is minor compared to the benefit from
fertilizer replacement and would be insufficient to offset the impact of the system, even in the

absence of impacts from spreading and digestate transportation.
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Figure 3. Global warming potential (kg CO2/m* AD) for the base case and scenario one through
six (S1: 1-day pre-treatment, no growth reduction; S2: 1-day pre-treatment, with growth
reduction; S3: zooplankton effluent recycling; S4: sulfate supplementation; S5: flocculation; S6:
algae transportation).

4.2.3 Water Use

The vast majority of water use is from zooplankton cultivation, with almost no
contributions from other categories. S3 shows reduced water use due to the implementation of
water recycle during the zooplankton cultivation stage. For other scenarios, lower water use
coresponds lower algae yield because less water is needed to achieve the same feed
concentration in the zooplankton culture. It is important to note that this impact category
describes water used, not water consumed. This is because values for evaporation, leeching, and
other sources of water loss are unknown. In the future, it would be useful to determine water
losses so that water flows through the system can be better understood and so that land applied

effluent can be credited towards the system.
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Figure 4. Water (m* water/m*> AD) for the base case and scenario one through six (SI: 1-day
pre-treatment, no growth reduction; S2: 1-day pre-treatment, with growth reduction; S3:
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zooplankton effluent recycling; S4. sulfate supplementation; S5: flocculation; S6: algae
transportation).

4.2.4 Freshwater and Marine Eutrophication Potential

In the base scenario, final effluent had the largest impact for FWEP and MEP, with
similar results seen in S1, S2, S3, and S4. S2 had the highest impact for FWEP because the
suppressed algae growth means that less nutrients are taken up during the algae cultivation step.
S5 and S6 had higher impacts from algae dewatering effluent and lower impacts from the final
effluent due to the more robust algae dewatering step, which means that more nutrient-containing
water is removed prior to zooplankton cultivation, does not impact final eutrophication
potentials. The impacts from electricity were lowest for S1 and S2 but were relatively minor

overall.

It is important to note that the distinction between P-eq contributing to FWEP and N-eq
contributing to MEP is in alignment with ReCiPe2016 methodology but is fairly arbitrary. In the
future, it may be more accurate to consider application of a combined eutrophication potential

impact category. The separated eutrophication parameters complicates the attribution of co-
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product credit, thus introducing the potential for skewed results.
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Figure 5. Freshwater eutrophication potential (P-eq/m* AD) for the base case and scenario one
through six (S1: 1-day pre-treatment, no growth reduction; S2: 1-day pre-treatment, with growth
reduction; S3: zooplankton effluent recycling, S4: sulfate supplementation; S5: flocculation; S6:
algae transportation).
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Figure 6. Marine eutrophication potential (kg N-eq/m*> AD) for the base case and scenario one
through six (S1: 1-day pre-treatment, no growth reduction; S2: I-day pre-treatment, with growth
reduction; S3: zooplankton effluent recycling; S4: sulfate supplementation; S5: flocculation; S6:
algae transportation).

4.2.4 Particulate Matter

PM was fairly consistent across all scenarios, with the largest impact being from direct
ammonia emissions during pre-treatment and ammonia emissions from land application of
process effluents. The pre-treatment impact shows no variation because this process is
unchanged across scenarios, except for reduction in HRT for S1 and S2. The results of this
impact further illustrate the large footprint of the pre-treatment system. The impact due to
emissions from land application is very slightly lower for scenarios with higher algae yield
because these scenarios involve higher levels of nutrient removal and thus less ammonia leaving

the system.
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Figure 7. Particulate matter (kg PM 2.5-eq/m’ AD) for the base case and scenario one through
six (S1: 1-day pre-treatment, no growth reduction; S2: 1-day pre-treatment, with growth
reduction; S3: zooplankton effluent recycling; S4: sulfate supplementation; S5: flocculation; S6:
algae transportation).

4.2.5 Terrestrial Acidification

Similar to PM, TA showed minimal variation across scenarios with the largest
contributions being from direct emissions from pre-treatment cultivation and ammonia emissions
from land application. At 3.4 kg SO2-eq/m* AD for the base case, the TA impact is very large.
Much of the SOz-eq resulted from direct ammonia emissions from the system, with most of the
ammonia volatilization being from pre-treatment. Most of the remaining impact was from
volatilization of ammonia from direct land application. One kg of ammonia is equal to 1.96 kg of

SO2-eq, resulting in the high TA value.

If the proposed system were used to manage one year’s worth of AD from the Columbus
Water Works plant at 452.2 m® per day, the system would emit approximately 561,000 kg (618
US tons) of SO2-eq/year, which falls well below the 2000 ton per year requirement to qualify as
large source of SOz and necessitate air quality monitoring and reporting, according to the EPA

(EPA, 2023).

It is unclear how pre-treatment HRT impacts ammonia emissions. S1 and S2, which have
shortened pre-treatment periods, were modeled has having the same ammonia volatilization from
pre-treatment as every other scenario, however, this may not necessarily be the case and
modification the pre-treatment process may result in a lower TA and PM impact. There could
also be the potential for the capture and use of ammonia as a carbon-free fuel, however,

challenges such as the relatively small lower heating value compared to other fuels and lack of
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established infrastructure mean that this is unlikely to be a viable option in the short term

(Erdemir, 2021).

Terrestrial acidification (kg SO,-eq/m? AD)
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Figure 8. Terrestrial acidification (kg SO2-eq/m> AD) for the base case and scenario one
through six. (S1: 1-day pre-treatment, no growth reduction; S2: 1-day pre-treatment, with
growth reduction; S3: zooplankton effluent recycling, S4: sulfate supplementation; S5:
flocculation; S6: algae transportation.)

4.3 Sensitivity Analysis
Sensitivity analysis examined the impact of varying amounts of wash water used in the
belt filter presses and of different zooplankton feed conversion percentages. The results of the

sensitivity analysis are displayed in figure 7.

For the wash water volume sensitivity test, all impact categories increased along with
increase in water use due to larger electricity use from heightened pumping demands. Because
the wash water is introduced early in the process, the increase in electricity for pumping is

noticeable. The impact on water use, however, is relatively small with a change of less than 5%.
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This is because the water demand from zooplankton cultivation dominates water use in the

system (figure 6).

Changes in zooplankton feed consumption had little effect on the environmental impact
of the system. Much of the small variation that is present is because of changes in the fishmeal
displacement credit due to higher or lower zooplankton yields. The fairly low zooplankton yield
means that reduction In the already marginal credit will not make much difference. Greater
increase in freshwater and marine eutrophication potential are seen due to release of N and P

from unconsumed algae.
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acidification.
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4.4 Comparison to Direct Land Application

A scenario in which anaerobic digestate is applied directly to soil was carried out in order
to provide a one to one comparison of the impacts of the direct application versus the proposed
system. The results of the scenario are displayed in table 7 alongside the results of the base

scenario.

Table 7. Impacts of direct application and proposed bacterial-algal-zooplankton system

Bacterial-Algal- Direct Application
Zooplankton system
Global warming (kg CO2 eq/ton FM) .18 -30.84
Freshwater eutrophication (kg P-eq to FW/ton FM) 0.02 0.02
Marine eutrophication (kg N-eq to marine/ton FM) 0.045 0.08
Particulate matter (kg PM 2.5-eq/ton FM) 0.41 0.34
Terrestrial acidification (kg SO2-eq/ton FM) 3.45 4.38

Direct application far out performed the proposed system in GWP, however, the proposed
system still demonstrates a favorable GWP impact. The FWEP values are similar between the
two options while MWERP is significantly lower for the proposed system. This is because less
phosphorous is sequestered by the algae relative to ammonia and much of the phosphorous that
is sequestered is re-released in the zooplankton cultivation stage due to the small levels of P
needed for zooplankton growth relative to other elements. PM is higher for the proposed system
due to electricity use, however, TA values are higher for direct application due higher levels of
post-spreading ammonia volatilization.

The proposed system does not significantly outperform direct application, but may still

offer environmental benefit. The largest discrepancy between the two options is the lower GWP
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for direct application, though both routes are favorable in this area. With much of the nutrients
entering the proposed system being fated for land application, the system also fails to provide a
solution for the issue of over application of digestate in areas near the waste origin. Despite this,
the lowered MWEP impact is a marked benefit of the proposed system over conventional land
application and may help to partially alleviate the issues caused by over application. Finally,
though the high levels of ammonia emitted from the pre-treatment process is problematic, the
reduced TA impact compared to direct application demonstrates that the proposed system is

significantly more favorable in terms of air quality impacts due to ammonia emissions.

5.0 Conclusion

This work investigates the impacts of a proposed bacterial-algal-zooplankton system to
treat anaerobic digestate and produce fishmeal replacement in the form of zooplankton. A
process model was developed using Excel and Super Pro Designer to estimate the material flows
of a full-scale system based on experimental data. Six scenarios were selected for scenario
analysis and two parameters were selected to perform sensitivity analysis. The impacts of direct
land application were also calculated. Results from scenario and sensitivity analysis showed
some variation but not enough to impact the final results of the LCA. The results of the impact
assessment revealed that the displacement credit obtained from zooplankton cultivation was
insufficient to overcome the added environmental burdens from pre-treatment and algae
cultivation, however, credit from fertilizer replacement from process effluent helped to improve
the system’s environmental impact. Comparison with the impacts from direct application show
that while the proposed system does not dramatically outperform direct application,
improvements in MWEP and TA impacts demonstrate the favorability of the proposed bacterial

algal zooplankton system.
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Appendix A. SuperPro Designer process flow diagram
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