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Abstract: A comparative evaluation of economic efficiency was performed for native polyculture
microalgae oil production in an oxidation ditch (OD) process wastewater treatment plant (WWTP).
A cost function was developed for the process. The operational cost per 1 m? of wastewater (w.w.) was
1.34 $/m>-w.w. in the existing scenario, 1.29 $/m3-w.w. in algal scenario A (no cost for CO, and waste
heat) and 1.36 $/m3-w.w. in algal scenario B (no cost for CO,). The conditions were set as follows:
hydraulic retention time (HRT): 4 days, microalgal productivity: 0.148 g/L and daily treatment
volume: 81.6 m3-w.w./d. The cost differences were related to the increase in polymer flocculants for
algae separation (+0.23 $/m3-w.w), carbon credits from CO, absorption (—0.01 $/m3-w.w), the sales
of biocrude (~0.04 $/m3-w.w) and sludge disposal (—0.18 $/m3-w.w). Hence, the introduction of the
algae scenario was the same cost-effective as the existing scenario. Microalgae oil production in an
OD process WWTP can serve as a new energy system and reduce the environmental load in a society
with a declining population.

Keywords: microalgae; biocrude; oxidation ditch; economic efficiency; wastewater treatment

1. Introduction

1.1. Microalgae Oil Production and Wastewater Treatment

In recent years, biofuels have attracted attention as a countermeasure against fossil fuel depletion.
Microalgae oil production has been the particular focus of research and development. In addition
to reducing greenhouse gas (GHG) emissions by fixing carbon dioxide, wastewater can be used as
a nutrient without competing with food production [1]. In Japan, the conditions for microalgae
cultivation are more challenging than in other equatorial countries due to lower solar radiation and
lower water temperature in winter. However, large-scale microalgae oil production demonstration
experiments have successfully been conducted in Minamisoma City and Saga City. A previous study
has shown that the incorporation of a microalgae oil production system into an existing wastewater
treatment plant (WWTP) using flue gas and waste heat can reduce environmental burden [2]. A study
conducted by the University of Tsukuba in Minamisoma City Fukushima Prefecture, Japan, assessed
the feasibility based on the greenhouse gas emissions (GWP100) of operational emissions without
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considering the initial capital investment [3]. Reducing the environmental impact of an optimized
combination of algae production methods, flue gas, waste heat and so on is a concern for researchers [4].

The total construction depreciation and operating costs of producing biodiesel from microalgae
are estimated at 141-159 JPY/L (1.3-1.5 $/L) [5]. The construction and operating costs (considering
depreciation period of 20 years) contribute 20% and 80%, respectively, of the total cost. The study
assumed that the production facility would be built on the premises of an existing thermal power
plant to use waste heat and exhaust gas (CO,) in the Tohoku region of Japan. In Australia, the cost
of oil production from microalgae is reported to be 1.5 $/L with high-value feed and fertilizer sold
simultaneously as by-products [6]. Under these assumptions, the microalgae oil production system is
not regarded as cost-efficient compared to existing fossil fuel systems. Therefore, a cost function is
required to predict the cost of microalgae oil production for comparison with the existing scenario.
In this regard, it is important to critically review microalgae production methods.

1.2. Microalgae Oil Production and Oxidation Ditch (OD) Process

The oxidation ditch (OD) process is used in approximately half (1038) of the total (2145) public
WWTPs in Japan (Figure 1). Most small-scale WWTPs of capacities below 5,000 m3/d have adopted
the OD process, whereas the standard activated sludge process (conventional activated sludge: CAS)
is the mainstream process for relatively large-scale WWTPs of 10,000 m®/d or more. Although the
land requirement per 1 m> of wastewater is larger for the OD process, this process is preferred in
small-scale WWTPs, as the plant is easier to maintain and manage. The treatment land requirement
for the reaction tank in the OD process is more than 8 times larger than that of the CAS. As a result,
it is difficult to prepare enough land for the OD method in urban areas. The depth of the OD reaction
tank (2.5 m) is half that of the CAS (5 m). The hydraulic retention time (HRT) for the OD process is
24-48 h, which is four times longer than the HRT of 6-8 h for the CAS. On the other hand, the OD
process does not require fine control of the flow rate and has low sludge generation owing to the long
reaction time. Therefore, the OD process has an advantage in rural areas where land for WWTPs is
more readily available.
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Figure 1. Number of wastewater treatment plants (WWTPs) in Japan categorized by daily treatment
volume (m3/d) [7].

In Japan, the rate of population decline in rural areas is larger than that in urban areas and the
rate of reduction of treatment volume in the OD process WWTP is greater than that of CAS. With the
introduction of the algae system, the environmental burden can be reduced and existing WWTPs
can serve as new energy plants in communities with declining populations. In countries where the
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rate of construction of WWTPs is slower than in Japan, such as in neighboring China and Korea,
the OD process is less widely used, often because of the adoption of newer technologies, such as the
Anaerobic-Anoxic Oxic (A20) process. The OD method has also been adopted in Australia [8].

The construction of WWTPs in Japan increased from around 1960 and reached its peak around
2000. Now, Japan is in a period of renewal and renovation. Recently, the focus has been on the
introduction of advanced treatment methods, such as phosphorus recovery and energy recovery and
the need to respond to a declining population [9]. As such, in large-scale CAS plants, the water
treatment system is being upgraded to the A20 system and the digestion tank of the sludge treatment
system is being replaced with methane anaerobic fermentation and use for power generation (Figure 2).
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Figure 2. Existing and updated scenario classified by WWTP treatment process with daily treatment capacity.

For methane fermentation, many large WWTPs using the CAS process have already installed
digestion tanks for volume reduction. However, a sizable daily treatment volume is required to support
the power generation facilities and ensure cost-effectiveness. Therefore, the city of Yokohama in Japan
has been conducting methane fermentation of sludge from a five-CAS WWTP at one location. At other
facilities, methane fermentation is performed by adding 0.1 t of food waste to 1 t of dehydrated sludge
in order to increase the ratio of organic matter [10] but it is difficult to integrate food waste into other
treatment plants and if the scale is small, the benefits of energy recovery through methane fermentation
may not be realized [11].

The introduction of methane fermentation technology is rare in the OC process due to the
associated small scale. On the other hand, the introduction of microalgae oil production seems to
be suitable for the OD process [2] owing to the long HRT and open-air reaction tank. The addition
of microalgae oil production is expected to reduce aeration energy, allow for CO, absorption by
microalgae, reduce the processing energy by reducing the volume of dehydrated sludge and allow for
the recycling of biomass by producing biocrude.

1.3. Purpose of This Study

The purpose of this study is to assess the potential of optimizing environmental and economic
benefits by combining microalgae oil production with OD process WWTP through the effective
utilization of exhaust gas (CO,) and waste heat. This study is based on the results of a demonstration
experiment in Minamisoma and the results differ from that of previous studies [12] in that we assess the
practical applications. In this study, to explore the feasibility of microalgae oil production, the economic
advantages of microalgae cultivation in combination with existing wastewater treatment facilities were
examined. The cost function was developed based on the results from a large-scale experimental facility
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in Minamisoma [3], which was compared with the operating cost function of the OD process WWTP.
If this operating cost is comparable or reduced compared to an existing OD process WWTP, the potential
for microalgae oil production is considered suitable for combination with the OD process WWTP.

2. Methodology

First, the selection of a suitable WWTP for microalgae oil production is described in Section 2.1.
Then, the scenario for the introduction of microalgae in the selected WWTP is described in Section 2.2.
Finally, a comparison with the existing system is described in Section 2.3.

2.1. Suitability Detection of OD Process WWTP for Microalgal Oil Production (Suitability)

The selection of a suitable WWTP for microalgal oil production is one of the key factors in the
biofuel industry. Each WWTP has specific scale, usage rate, treatment method, temperature and
equipment characteristics. The first step of selection was based on the treatment process. As mentioned
previously, there are mainly two types of wastewater treatment processes in Japan: first, the CAS
process, which is adopted in relatively large treatment plants and second, the OD process, which is
adopted in medium to small treatment plants. To effectively utilize and cultivate microalgae without
major renovation of existing WWTPs, microalgae must be irradiated with sunlight to allow for
photosynthesis. In the OD process, the treatment tanks are exposed to the open air and are thus suitable
for this purpose.

Since microalgae productivity is lower in cold climates [13], in this study, the target location of the
WWTP has an annual mean temperature equal to or higher than that of the experimental data collection
site (Minamisoma City: 12.3 °C). Furthermore, it is desirable to obtain exhaust gas for cultivation
and waste heat for hydrothermal liquefaction (HTL) from the neighborhood. However, the siting of
the WWTP and the siting of the exhaust gas and heat recovery facilities vary widely depending on
the demographics of each area and the sociological and historical background of municipal mergers,
making it difficult to generalize. Therefore, the case studies were conducted on specific facilities and
the cost function can be adapted to various WWTP sizes and locations.

In Japan, a decline in the treatment population between 2010 and 2040 will affect 92% (110/119
plants) of WWTPs [9]. The treatment capacity ratio of the facilities based on the daily average treatment
volume tends to increase. Therefore, it is expected that the number of OD process WWTPs with
microalgae oil production will increase in the future.

2.1.1. Suitability of Environmental Conditions for Microalgae Oil Production Based on the Lid and
Location (Suitability)

The selection of a WWTP using the OD process was narrowed down using the following conditions
(Figure 3). First, a public WWTP was selected in the Tochigi Prefecture [14], which was the first
Prefecture to introduce the OD method in Japan and where the proportion of OD treatment plants
is high (23 of 38 plants). However, some OD method WWTPs close to residential areas may be
covered by lids for odor control. Although a transparent lid can be used to allow for light transmission
and air circulation for CO, absorption, the absence of a lid is more advantageous for improving the
productivity of microalgae in polyculture cultivation. In addition, the calculation was based on no
lid being present. Therefore, nine WWTPs with no lids were selected for the study. The average
annual temperature of the nine WWTP locations was confirmed to be 12 °C or higher. The polyculture
cultivation species used in this study were indigenous algae (main algae species—Desmodesmus sp.,
Dictyosphaerium sp., Klebsormidium sp., Micractinium sp. and Scenedesmus sp. [15]) that were used in the
demonstration experiments in Minamisoma.
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Figure 3. The suitability detection flow for the microalgae oil production using the oxidation ditch
(OD) process without the need for new construction of reaction tank and sludge dehydrating facility.

2.1.2. Suitability of Facility Utilization Rates Based on Current Capacity and Average Daily
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For microalgae cultivation, it is necessary to change the depth of water in the reaction tank to
approximately 0.8 m, which is shallower than the depth of the existing OD process (2.0-2.5. m).
Moreover, the HRT of the existing OD process must be increased from an average of 2.5 days to
~4.0 days. In other words, to achieve a facility utilization rate of at least less than 50%, the total volume
of the reaction tank should be increased by a factor of about 4.5, that is, by decreasing the water depth
by 3 times and increasing the number of days 1.5 times. Therefore, the average daily wastewater
treatment volume and the existing treatment capacity were compared in nine uncovered OD process

WWTPs (Figure 4).
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Figure 4. Facility utilization and locations of nine open-air (no cover) OD process WWTP in Tochigi
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The OD process can be adapted to an increase in the number of sewage connections through
increasing the number of treatment tanks in parallel in a step-by-step manner based on the treatment
volume, with a treatment capacity of 1000 to 1500 m3/d. The treatment plants with greater available
capacity with a smaller treatment volume will have more leeway. As a result, the treatment WWTPs
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were narrowed down to five plants which have more than 50% available capacity (6 Motegi-machi
23%, 5 Awano 33%, 1 Nishizawa 41%, 2 Minami Nasuno 44% and 3 Niida 51%).

2.1.3. Availability of Exhaust Heat and Discharged CO, Associated with the Geography of the WWTP
(Suitability)

Next, we confirmed the location of facilities that produce exhaust heat and discharge CO, in the
vicinity of the five selected WWTPs (Table 1). The Kanuma City Clean Center, a potential source of
waste heat, is located ~6 km in a straight-line distance from Awano WWTP (No. 5) and Nishizawa
WWTP (No. 1).

Table 1. Proximity of WWTP to facilities that supply exhaust heat and discharged CO,.

Facilit . o Facility to Supply Exhaust Heat & Direct Distance
Utilization};{ates No.* Name of WWTP Dewatering Facility Y DiscElaJr;e dCO, (km)
23% 6 Motegi-machi Yes Haga Area Eco Station 19.9
33% 5 Awano Yes Kanuma City Clean Center 6.8
41% 1 Nishizawa No Kanuma City Clean Center 6.1
44% 2 Minaminasu Yes South Nasu Wide Area Clean Center 7.3
51% 3 Niida Yes Shimodahara Clean Center 10.2

* No. of facility is indicated in Figure 4.

There are two methods of utilizing the discharged heat. One involves supplying it through a
pipeline and the other involves installing the plant on-site. A previous study on district heat supply in
Hokkaido [16] showed that about 50% of the heat is lost through the heat supply pipes in a survey of
heat supply to various facilities within about 400 m. In this study, the distance is approximately 6 km,
which is considered too great to supply heat by pipeline. Therefore, it was assumed that dehydrated
microalgae would be delivered to the on-site treatment plant at the Kanuma City Clean Center (waste
incinerator). The Awano WWTP was selected as one of the two WWTPs for the study, as its facility
utilization rates are low and it has a sludge dewatering facility.

Exhaust gas (CO;) would be obtained from neighboring plants. In general, WWTP using the OD
process are located amidst conditions similar to that of manufacturing plants in suburban areas with
a moderate population. Therefore, the possibility of obtaining exhaust CO, gas from a neighboring
manufacturing plant is high. The Kozato Kizai Co. Ltd. Awano plant, which manufactures rubber-seals
for condensers, is located 838 m from the Awano WWTP (Figure Al).

2.2. Scenarios for the Introduction of Microalgal Oil Production (Existing and Algal Scenario)

2.2.1. Existing Scenario of Awano WWTP (Existing Scenario)

The Awano WWTP, which was selected as a model case, received 848 m3/d of treated water per
day and performs digestion under aerobic conditions by aeration and denitrification under anaerobic
conditions without aeration in an OD tank under HRT of 1.2 days (Figure 5). The sludge is separated
from the supernatant in the sedimentation tank and advances to the sludge sedimentation tank
and sludge storage tank, where a polymer coagulant is added and the sludge is separated into the
dehydrated sludge and the separating liquid in the centrifuge. The accumulated dehydrated sludge is
entrusted to the private sector for treatment [7]. The total cost for the fiscal year was divided over
365 days and converted to the cost per volume treated per day, so there were some inconsistencies.

2.2.2. Introduction of Microalgae Oil Production Process at Awano WWTP (Algal Scenario)

Next, a scenario is shown in which a microalgae oil production system is partially installed
in the Awano WWTP (Figure 6). Because photosynthesis is essential for microalgae production,
the water depth needs to be reduced to allow for sunlight transmission. Water depth, HRT and algal
biomass productivity are closely related to each other and further optimization research is in progress.
Although it has been shown that microalgae can be cultured up to a depth of 5 m, we adopted a water
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depth of 0.8 m, HRT of 4 days and biomass concentration at harvest of 0.148 g/L (Table 2) based on the
results of the field study in Minamisoma, Japan.

Existing scenario (Awano WWTP: 2017)
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Figure 5. Current estimated system flow at Awano WWTP.
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Figure 6. Introduction of the microalgae oil production system at Awano WWTP.

2.2.3. Treatment Volume of the Algal Scenario Introduced in Awano WWTP (Algal Scenario)

In the algal scenario, the water depth is reduced from 2.5 m to 0.8 m and the HRT is increased
from 1.2 to 4.0 days, compared to the existing OD process. Therefore, if the entire volume currently
being treated (848 m3/d) is diverted to the algal system, the capacity of the treatment plant will be
insufficient. Therefore, it was decided that one of the two OD tanks will be used for the algal system
and the untreated portion was to be treated using the conventional method. The algal system can treat
81.6 m3/d (ratio of inflow: 9.6%). Even if two tanks were converted to the algal system, only 163 m3/d
(19.2%) could be treated. However, if microalgae cultivation is possible at a water depth of 5 m,
which is currently under investigation at the University of Tsukuba, the capacity of the cultivation tank
is approximately six times greater than the assumed water depth of this study (0.8 m) and so the two
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tanks will be able to treat 979 m3/d (115%) of sewage and all the treated water can be treated using the

algal system.

Table 2. Productivity in microalgal oil production from previous studies (No. 1-7) and applied values
in this study (No. 8).

Nutrient Acetic Acid 15% Culture Pond ** Harvest Productivity
No. - CO, HRT . (Per Culture Volume) Ref
o OWW C from HTL Volume  Depth Surface Area C** Yield
gL g/L mL/min/L L m m? d g/L L/d g/L/d g/m?/d

1 v - 0.30 - v 200,000 0.2 1000 4 0.340 50,000 0.085 17.00 [17]
2 v - 0.6 100 0.2 0.71 4 0.203 25 0.051 7.16 [3]
3 v - 0.6 210 04 0.71 4 0.138 53 0.035 10.25 [3]
4 v - 0.6 450 0.8 0.69 4 0.118 113 0.030 19.21 [3]
5 v 0.30 - 0.6 100 0.2 0.71 4 0.182 25 0.045 6.41 [3]
6 - v 0.30 - 0.6 210 0.4 0.71 4 0.196 53 0.049 14.50 [3]
7 - v 0.30 - 0.6 450 0.8 0.69 4 0.148 113 0.037 24.06 [3]
8 v 0.15 0.15 v 326,267 0.8 408 4 0.148 81,567 0.037 29.61

C* Commercial nutrient and Acetic acid (Sodium acetate), C**: Concentration, ** Aeration was done under
all conditions.

In this study, the labor cost in the Clean Center was not considered because it is the same as the
existing cost (Table 3). Since the HTL process is a heat-only reaction and does not use hazardous
chemicals, automatic plant operation technology can be applied to the HTL process. In the future,
automatic operation of the plant can be made possible by adding an HTL monitoring system to a part
of the waste treatment monitoring system. In addition, the cost of transporting the algal and waste
organic acid from the Awano WWTP to the Clean Center is minor compared to the maintenance fee,
which is about 1% [5], so it was not included in this study.

Table 3. Cost calculation parameters for each scenario.

Parameter Algal OD Process
Treatment volume (m3/d) 81.6 81.6
Base volume (m3/d) 81.6 847.9
Labor cost in the Awano WWTP Included Included
Labor cost in the Clean Center Not included -
Algal transfer fee Not included -
Recycle Acetic acid transfer fee Not included -
Disinfection cost Not included Not included
Construction fee Not included Not included
Maintenance fee Included Included

2.2.4. Algal Scenarios A and B (Algal Scenario)

Algal scenarios A and B were established to compare the differences in cost associated with the
proximity of neighboring facilities (Figure 7). In algal scenario A, a 20% suspension of dehydrated
algae is transported for HTL at a garbage incinerator. The HTL is performed using waste heat from
garbage incineration. In algal scenario B, the HTL is undertaken in a WWTP using an electric heater.
As expected, scenario A had better performance in terms of cost and environmental impact. However,
in some cases, there were challenges in the transport of the algae or the use of garbage incinerators.
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Figure 7. Comparison of algal scenarios A and B based on proximity of neighboring facilities.

2.3. Cost Function in Microalgal Oil Production Scenario (Cost Function)

2.3.1. Categorize the Algal Scenario to Five Process (Cost Function)

The cost functions of the microalgae oil production system were examined by classifying the
processes in algal production into five categories: cultivation, precipitation (polymer coagulant),
dewatering (drum filter), HTL and the cost of product and waste (Figure 8). In the calculation, the cost
functions were set up so that they could be applied to other treatment plants with different annual
treatment volumes. The raw data for setting the cost functions were collected from a large-scale
demonstration experiment conducted from FY2016 to FY2019 in Minamisoma City, Fukushima
Prefecture [3] and other related data were supplemented from the Sewage Statistics [7] to set the
variables. The processing volume was 50 m3/d. In addition, economies of scale should be applied
when considering the depreciation of the construction cost. However, in this study, the construction
cost was not considered. Since it was assumed that the existing facilities would be used effectively,
the effect of economies of scale on the operating cost part was small and could be neglected.

2.3.2. The Functions and Variables for Calculating Each Process (Cost Function)

The total daily operation cost is derived from a developed function and the reference function [18].
The developed function C (JPY/d) is the sum of the daily costs of each process minus the profit from
the sale of biocrude BC (kg/d) in the algal scenario (Equation (1)).

C= CHA + CSE + CDR + CHTL - PBC X BC. (1)

The cost of chlorine and other costs of disinfection is the same in both systems in this comparison
and were excluded from the cost calculation parameters (Table 3).



Energies 2020, 13, 5310 10 of 19

Cost function set on the Algal scenario
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W.W. (0A)

Treated water
W.W.
Figure 8. The cost function and mass balance for each process, based on the flow of the algal scenario
(Figure 6).

The yield of the algal suspension per day MAp, (t/d) is equal to the multiplying volume of the
influent wastewater WW (m3/d) by p (t/m3). And the WW (m?/d) is obtained by dividing the volume
calculated from the area of the incubation tank A (m?) and the water depth d (m) by the HRT (d)
(Equation (2)). For the algal scenario, the system is introduced to a sewage treatment plant as a retrofit
and the treatment volume in the algal system is determined by considering the inflow volume per day
and the margin of the volume ratio.

Axd
MApga = WIWX p = TRT X p. )

The productivity of microalgae depends on various conditions such as the depth of water in the
reaction tank as well as the addition of solvents and nutrients. In this study, the harvest concentration
of microalgae in the culture medium at the time of harvest after HRT of 4 days was 0.148 g/L (Table 2,
No. 8) based on previous studies [3].

The relationships between the yield of algal suspension MAp4 (t/d), algal suspension MAgg (kg/d)
after coagulation and precipitation, algal suspension MApg (kg/d) after dehydration and generated
biocrude BC (kg/d) were determined from the experimental values (Equations (3)—(5)). Since the
experimental values at Minamisoma were obtained in small lots, the loss ratio in each process is
expected to decrease with continuous cultivation and expansion of scale but the experimental values
are applied in the following calculation.

MAgg = MAQgA X 2.88% % 1000 (3)
MApg = MAsg X 98.02% X 4.91% @)
BC = MApR X 8%. 5)

To calculate the cost of each process (Equation (1)), various conditions were set (Table 4).
These correspond to the calculation of the environmental impact of the material balance in each process
in a previous study [17].
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Table 4. Variables and constant values in microalgae oil production, for the treated volume of 81.6 m3-w.w./d.

Variable Description Reference Value Unit Remarks
d The depth of open raceway pond (ORP) 0.8 m Productivity is changed by the depth
A The surface area of ORP 408 m? Reuse of existing pond
WWw Wastewater used as a solvent 81.6 m3/d -
p Volumetric mass density 1 t/m3 -
MA[A Mass of the algal suspension at harvest 81.6 t/d SS * weight ratio 0.015%
MAgg Mass of the algal susRension ?fter coagulation and 2350 kg/d SS weight ratio of 1.156%
sedimentation
MApr Mass of the algal suspension after drum-filtration 115.5 kg/d SS weight ratio of 20%
BC Biocrude 9.24 kg/d Biocrude-wet [2]
DS Dehydrated sludge 56.7 kg/d (Existing scenario)
OA HTL water phase (Contains organic acid) 106 kg/d Use as heterotrophic
(e Total operation cost 4002 JPY/d Not included disinfection and Cyrp
CHa Operation cost of cultivation 1458 JPY/d Free exhausted CO,
Csg Operation cost of sedimentation 2255 JPY/d -
Cpr Operation cost of dehydration 290 JPY/d -
(CaL) Operation cost of extraction (HTL) 4594 JPY/d Free when using waste heat
ECha Electricity consumption of cultivation 33.1 kWh/d -
(ECpw) Paddlewheel part in the cultivation 19.8 kWh/d -
(ECpump) Pump part in the cultivation 13.3 kWh/d -
ECsg Electricity consumption of sedimentation 62.2 kWh/d -
ECpr Electricity consumption of dehydration 11.1 kWh/d Drum-filter
ECyrL Electricity consumption of extraction (HTL) 176.7 kWh/d -
Rpr Utilization rate within the drum-filter working hour 98 % -
Ryrru Utilization rate within the extraction (HTL) working hour 80 % Algal scenario B
RyrL-n Heat recovery rate within the extraction (HTL) 86 % Algal scenario B
Npw Number of paddle wheels 1 unit 1 unit/1000 m?
Number of the pump unit . .
Neume 1 unit includes 2 plli)mpsp (In-Out) ! unit 1 unit/1000 m?
NyrL Number of HTL 5 unit -
Wpw Power consumption of paddle wheel 2.20 kW/h/unit Table 5: e4
Wpumpr Power consumption of the pump 0.67 kW/h/unit Table 5: el
Wsg Power consumption of settling tank 2.59 kW/h/unit Table 5: e2
WpRr Power consumption of drum-filter 1.42 kW/h/unit Table 5: e3
WatL HTL heater output 10.2 kWh x 18% 1.84 kW/h/unit Catalog value
o Processing capacity of the pump 136 L/min -
B Processing capacity of the settling tank 34 m3/h -
Y Processing capacity of drum-filter 300 kg/h Minimum 300 kg/h
5 Processing capacity of HTL 12 kg/h [3]
Price Description Setting Unit Remarks
Value
Ppc The sales price of Biocrude 35.0 JPY/kg 45 USD/barrel
Pps Disposal cost of dehydrated sludge 28.8 JPY/kg (Existing scenario)
Paa Price of sodium acetate 55 JPY/kg -
Pec electricity charges 26 JPY/kWh -
Pcoa Carbon dioxide purchase 320 JPY/kg Used at 15%
Pcon’ The sales price of carbon credit -1.8 JPY/kg -
Ppc Price of polymer flocculant 500 JPY/kg -
Pps Price of Inorganic coagulant 25 JPY/kg Iron (II) polysulphate
$(USD) Exchange rate 109 JPY/USD Ave. 2019
Constant Description Setting Unit Remarks
Value
HRT Algal hydraulic retention time 4 d -
c Harvested algal suspension concentration 0.148 Table 2: changes with d
AA The . kg/m3-wAwA
e usage rate of sodium acetate 0.15 o Table 2
whpyw Working hour of paddle wheel 18 h/d -
whpgr Working hour of drum-filter 8 h/d -
whpymp Working hour of pump 10 h/d -
whgg Working hour of Equipment 24 h/d Constant operation
whyrp Working hour of HTL 24 h/d -
COmin CO; absorption in ;}:eh ;?izzzggn process included 0.639 ke/md-ww. R
PCpia Polymer flocculant (Algal harvest) 0.0030 kg/m3-w.w.
PCpy Polymer flocculant (Water treat) 0.0005 kg/m3—w.w.
PS Inorganic coagulant (Water treat) 0.25 kg/m3-w.w. Iron (II) polysulphate

* §S: Suspended solid, ** w.w.: Wastewater.

2.3.3. Cultivation and Harvesting Process (Cost Function)

The daily operating cost of Ciyp (JPY/d) in the cultivation process was derived from the electricity
consumption ECiyp (kWh/d) for aeration, which depends on the depth and area of the incubation tank.
The use of acetic acid (AA) as a nutrient salt (kg/m3—w.w.) is proportional to the yield MAga (t/d) and
the microalgae absorption is derived from the CO, consumed COopp (kg/m3-w.w.) (Equation (6)).
The cost of CO, was assumed to be Pcoy (JPY/kg) when CO, was purchased as an industrial gas and
Pcoz” (JPY/kg) can be obtained through carbon credits at the time of use when the exhaust CO, gas is
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used. A previous study showed that the ratio of CO, absorption from exhaust gas (15%) to that from
the atmosphere is 8:2 [2]. Therefore, total CO, absorption from the exhaust gas was assumed to be 80%
in this study:.

Cha = ECya X Pgc + (AA X Pap + COopga X 80% X PCOZ’) X MAga X 1000 (6)

ECha = Npw X Wpw X whgg + Npump X Wpump X 2 X whpymp. (7)

The daily electricity consumption ECya (kWh/d) in the harvesting process was calculated from
the power requirement of the paddlewheel for water mixing and oxygen supply to the water Wpy
(kWh/h/unit), the power requirement of the pump for harvesting and wastewater replenishment
from Wpymp (kWh/h/unit) and whpw, whgg and whpyyp (h/d) were used for each operating time.
The coefficients were determined according to the period of incubation, the incubation area and the
pump’s required capacity & (L/min). The equation for power requirements was taken from Reference [2]
(Table 5).

Table 5. Function list of “electricity” for dependent parameters (derived from Reference [2]).

No. Parameters f(x) (kW) Equation f(x) =ax+b x unit a b R?
el Pump f(x) =0.0029x + 0.2725  Capacity(e) L/min 0.0029 0.2725 1.00
e2 Flocculant machine f(x) =0.5972x + 0.5611  Capacity(3) m3h 05972 05611 0.89
e3 Drum filter machine f(x) =0.0202x + 1.4161  Capacity(y) m3/h 00202 14161 0.94
e4 Paddlewheel f(x) =2.75x Depth(d) m 2.75 0 1.00

2.3.4. Primary Enrichment by Sedimentation Process (Cost Function)

The daily operating cost of the sedimentation process (primary enrichment) Csg (JPY/d) and
centrifuges in Minamisoma were used [2]. However, the energy efficiency of the centrifuge was
low because it used a large amount of electricity, so it is assumed that the sedimentation system
using a polymer coagulant had lower energy efficiency and GHG emissions than the centrifuge.
In addition, the Awano WWTP, the subject of this study, used gravity sedimentation for treating the
primary concentration and there was a high possibility that the existing system could be used for the
algal scenario.

We have confirmed that good precipitation of microalgae can be achieved with a poly-iron solution
but because of the possibility of adverse effects on the HTL process due to ferrous sludge derived from
the poly-iron solution, we used only the cationic polymer flocculant at the time of harvesting and the
poly-iron solution and the anionic polymer flocculant for purification during sedimentation to meet the
water quality standards of the effluent discharged after harvesting. The cost of both flocculants was
estimated to be the same. Here, the power consumption of the ECgg (kWh/d), polymer coagulant PCiya
(kg/m3—w.w), PCpy (kg/m3—w.w) and PS (kg/m3—w.w.) can be expressed as follows (Equations (8) and (9)):

CSE= ECSE X Pgc + PCpya X Ppc x MAQgA+ (PCPU X Ppc + PS x Pps) X MApgA X 97.12% (8)
ECsg = Wgg X WhEQ. 9)

2.3.5. Secondary Enrichment by Dehydration Process (Cost Function)

The operating cost Cpr (JPY/d) for the dehydrating process (secondary enrichment) was calculated
only using the ECpr (kWh/d) of the drum filter (Equation (10)). Generally, sludge is dehydrated using
a centrifugal dehydrator that utilizes centrifugal force, a belt-press dehydrator using consolidation and
a screw press dehydrator using compression. The adaptation of equipment is dependent on the daily
treatment volume and sludge content [19]. Here, in the algal scenario, calculations were performed
based on the data of the belt-press dehydrator used in the Minamisoma experiment.
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The power consumption (Wpr (kW/h/unit)) was determined from the processing capacity vy
(kg/h) (Tables 4 and 5). However, this processing capacity had a lower limit (300 kg/h) than the
catalog value on the web, so the utilization rate Rpr (%) was set by throughput against the lower limit.
This represents the ratio of the treatment volume of 2350 kg/d calculated by MAgg to the treatment
volume of 2400 kg/d when the plant was operated for 8 h, which was the set up as the operating time
(whpg) for the treatment volume y (300 kg/h) (Equation (11)).

This process can coexist with the dewatering process in the existing WWTP system using the
centrifuges or drum filters installed in existing facilities for dewatering.

Cpr = ECpr X Pgc (10)
ECDR = WDR X WhDR X RDR (0/0). (11)

2.3.6. Hydrothermal Liquefaction Process (Cost Function)

The operating cost of the HTL process, Cyt, (JPY/d), was mainly derived from the heaters
(Equation (12)). However, since detailed power consumption data were not available for Minamisoma,
the power consumption was estimated from the hydrothermal liquefaction data for the dewatered
sludge. The processing capacity 4 (kg/h) was set based on the results of the Minamisoma experiment [3]
(Table 4), a reaction temperature of 350 °C, pressure of 20 MPa-G, residence time of 6 min in the reaction
tube and flow rate of 20 mL/min, where the biocrude yield was maximum. The number of HTL units
Nyrr (unit) and utilization rate Rty (%) were also set and calculated (Equation (13)). The utilization
of RyrL-u (%) was set in the same way as for the dehydration process.

The power consumption Wytp in the HTL was derived as follows. The total output of the six HTL
heaters (2.2 kW, 2 kW, 2.5 kW x 2, 0.5 kW X 2) for the HTL of the microalgae in Minamisoma (350 °C,
20 MPa, 6 min) was 10.2 kWh, which was used for an HTL treatment capacity of 1.2 kg/h to 1 m3 of
algal suspension (SS 20%) [2]. The maximum calorific value was 30,600 MJ/m3. However, this calorific
value represented the maximum output and this power was not always consumed. Therefore, based on
the data of similar studies, the heat consumption of 5476 MJ - m3-w.w. [20] (2181 MJ/m3-w.w. from feed
pumps, pressurized pumps and so forth and 3294 MJ/m3®-w.w. from heaters) was used when 1 m3
wastewater (SS 15%) was subjected to HTL (400 °C, 10 MPa, 15 min). From this, 18% Ryri-uy was
adopted as the energy usage rate in the HTL. As a result, the power consumption Wy, was calculated
as 10.2 kWh x 18% = 1.84 kWh.

The heat recovery rate of Rytr-p (%) of sewage sludge under HTL at 409 °C and 11 MPa was
86% [20]. In other similar studies, the heat recovery rate was approximately 80% [21]. Therefore,
the heat recovery rate of Ryt (%) was set as 86%.

Curr = ECuari X Prc (12)

ECuxrr = NutL X Whrr, X wheg X Ryri-u X RHTL-H- (13)
2.3.7. Biocrude Selling Prices and Dehydrated Sludge Disposal Cost (Cost Function)

The selling price of biocrude was set at 45 $/bbl. for the same level of crude oil price. This was
converted by 140 kg/bbl.-oil and 109 JPY/USD to 35 JPY/kg. Biocrude is expected to be more costly than
crude oil in terms of carbon neutrality. However, considering its alternative energy source, the price
must have the same selling price.

In the case of existing systems, dehydrated sludge (sludge cake) DS (kg/d) is generated as a final
waste product after wastewater treatment. Dehydrated sludge is used as a fertilizer, cement material
or fuel or disposed to landfill and so forth. In some cases, a pickup fee is charged and in other cases,
the sludge is accepted free of charge, such as when it is used in municipal projects as part of the public
sector. The sludge disposal cost, Pps (JPY/kg), of the Awano WWTP was 28,753 JPY/t-sludge cake
(264 $/t-sludge cake) from the Sewage Statistics 2017 [7].
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Finally, the cost function for the operating cost of microalgae introduction was constructed using
Equations (1)—(13).

2.4. Environmental Burden in Microalgal Oil Production Scenario

The microalgae oil production system coupled with an OD method WWTP is superior to the
existing system in terms of the global warming potential associated with GWP100 [2]. The difference
between this study and the present study is that the microalgae suspension (algal concentration: 20%)
and the waste organic acid needs to be transported approximately 6 km to utilize the waste heat at the
Clean Center.

If the heat of the HTL is generated from electrical energy without using discharged heat,
the environmental impact (without heat recovery) amounts to an additional 1.34 kg-CO, eq/m3-w.w.
for the HTL process in algal scenario A. The total environmental impact was 2.95 kg-CO, eq/m3-w.
kg, which was higher than the existing scenario (2.76 kg-CO, eq/m3-w.w). In addition, we estimated
the environmental impact of the algal scenario assuming 86% heat recovery in algal scenario B
(Equation (13)). As a result, the total environmental impact was found to be 1.77 kg-CO, eq/m3-w.w.,
which was approximately two-thirds of the existing scenario (Figure 9).

Existing Scenario Algal Scenario
A - With B : Without

. discharged heat
discharged heat (Heat recovery 86%)

1.86 0.01 Total 2.76

)

3.0

2.5

2.0
0.24 Total 1.77

Total 1.59

Environmental impact (kg-CO, eq / m3-w.w.)

Generation and Absorption source

Figure 9. Environmental impact in terms of GWP100 for each operating cost scenario (Scenario B added
from Reference [2]).

3. Results and Discussion

3.1. Results of the Operation Cost for the Three Scenarios

The operating cost per m® of incoming wastewater, assuming 81.6 m® per day, was calculated
from the above-developed cost functions and the cost function of the operating cost of the sewage
treatment plant under the existing OD method [20] (Figure 10, Table A1l). The operating cost of the
algal scenario reflects the 81.6 m3 part of the algal scenario (Figure 6). In addition, the existing scenario
reflects the 81.6/848 m> portion (9.6%) of the existing scenario (Figure 5).
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Cost breakdown of each scenario in OD method WWTP

Figure 10. Operating costs ($: USD) per 1 m3-w.w. for existing and microalgae oil production scenarios
A and B (Treatment volume is 81.6 m3-w.w./d).

The setup of the algal scenario was based on the assumption that algae would be used as a partial
replacement for the existing system at the Awano WWTP. Based on a wastewater treatment volume of
81.6 m%/d, the amount of primarily concentrated sludge, sludge input to the dewatering machine and
dehydrated sludge disposal were converted from the Sewage Statistics 2017 [7]. Comparing the total
operating cost per 1 m3-w.w., the existing system was 1.34 $/m3-w.w., algal scenario A (using exhaust
gas and discharged heat) 1.29 $/m3-w.w. and algal scenario B (using exhaust gas only) 1.36 $/m3-w.w.
If both exhaust gas and waste heat are available, the cost was slightly lower than that of the existing
process. On the other hand, when electricity was used in the HTL process without using waste heat,
the cost was slightly higher at a utilization rate of 18% with heat recovery of 86% of the heater output.
In summary, the operating cost was similar to that of the existing OD method.

In terms of the breakdown of operation costs (Table A1), the cost of electricity for water treatment
and the cultivation process of Ciyp was lower for algae. This is because the reaction proceeds slowly
due to the shallow depth of water and the long HRT, so relatively less electricity was needed to supply
oxygen. In this process, the cost savings from carbon credits (~0.01 $/m3-w.w.) were also included but
they were not significant (~5% of Cpya).

The primary concentrate part (gravity concentration) was more expensive (+0.23 $/m>-w.w.)
because the algal system Cgg uses a polymeric coagulant, whereas the existing system did not use
chemicals. The secondary concentrate (centrifugal dehydration) and deodorizing had little effect.
Finally, the disposal cost of the dehydrated sludge (—0.18 $/m3-w.w.) was not required and the sales
income of biocrude (—0.04 $/m3-w.w.) was add. As a result, there are few difference in the total cost,
the cost of the polymer flocculant was largely compensated by carbon credits, sales of biocrude and
the lack of sludge disposal costs.

3.2. Changes in the Cost with the Scale of the Daily Water Treatment Volume (1000 m®)

The scaled-up scenario was assessed in relation to a change in the one-day treatment volume.
At 81.6 m3/d, the cost of algal system B (using flue gas only) exceeded that of the existing system but at
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a scale of 1000 m3/d, the cost of algal system B was less than 1.18 $/m3-w.w., compared to the costs
of the existing system at 1.24 $/m3-w.w. When the treatment volume was increased, the cost of the
algal system decreased. This shows that the algal system has an advantage over the existing system
(Figure 11).
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~ 015 Total124
z 127 0% 7% 035 .10
3 o] [ Qo o0 i
= 1.01 ’ (13.8%)
> (-13.8%)
- 08 0.20 |
2 T
8 0.6 (-9.2%) 17.7%
o0 0 |os51 | 17.7%)
g ‘
& 04 0.39 0.39
3
- N |
o 0.2 (48%) (10.6%) (Cost saving ratio compared

with 81.6 m3-w.w./d)
Wz > ¢ & &
F o & Yo VS
NS s S Q\ AN O
ST FFE S
s &S ¢ L EE.F O ES S
& &R K g FFE g FFEFE
> & > L& > &
& & § o’ o
& C & ¢

Cost breakdown of each scenario in OD method WWTP (1 000 m3-w.w./d)

Figure 11. Operating costs ($) per 1 m>-w.w. for existing and microalgae oil production scenarios A
and B (Treatment volume is 1000 m3-w.w./d).

For the existing scenario in Figure 8, the treatment rate of 848 m3/d was reduced to 81.6 m3/d as
part of the large-scale treatment, so there was no significant change. On the other hand, the treatment
rate of the algal system 1000 m3-w.w./d was 10 times higher than that of the 81.6 m*-w.w./d system.
So the total cost of both algal systems A and B were lower than those of the existing system, as each
cost was reduced slightly.

3.3. Effect of Changing Key Assumptions in the Algal Scenario

In this study, algal scenarios A and B were based on some assumptions (Table 4). To see the
changes in the costs, several patterns were calculated by changing the key assumptions (Table 6).
When the heat recovery rate was changed to 0% in algal scenario B, the cost was 1.3 times greater
than that of the existing scenario. When the exhaust CO, gas was changed to commercial gas in the
algal scenario A, the cost was 2.1 times greater than that of the existing scenario. Where both the
discharged heat and exhaust CO, gas were changed to commercial sources in algal scenario A, the cost
was 2.5 times greater than that of the existing scenario. The effective use of discharged heat and exhaust
CO, is a necessary cost reduction factor in the algal scenario.
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Table 6. Cost change by changing key assumptions (treatment volume is 81.6 m3-w.w./d).

Key Assumptions Existin.g Alga_l Alga_l Other Patterns
Scenario Scenario A Scenario B 1 o 3
Use of exhaust CO, gas as free - v v v - -
Use of discharged heat in HTL - v - - v -
HTL heat recovery (RytL-H) - - 86% 0% - -
Operation cost ($/m3-w.w.) 1.34 1.29 1.36 1.81 2.80 3.32
(Ratio based existing) (1.0) (1.0) (1.0) (1.3) 2.1) (2.5)

4. Conclusions

Microalgae oil production using wastewater is one of the solutions for the sustainable operation
of WWTPs in areas with a declining population. Appropriate methods have been sought to improve
the cost-effectiveness of small-scale WWTPs, to reduce the maintenance costs and to improve the
use of advanced technology. Gas utilization by methane fermentation has been limited to large-scale
treatment plants.

Based on the constructed cost function and the design of the system using the existing treatment
facility as an example, 81.6 m3-w.w./d of wastewater treatment could be replaced by algal production,
which could effectively utilize the current facilities. Microalgae oil production can be realized as a new
regional, low environmental impact WWTP method with the same cost-effectiveness as the existing
method, based on the detailed results of experiments.

Small-scale wastewater treatment and oil production using microalgae can be expected to further
reduce operating costs and improve biocrude output with increased commercial application and
through further research. Although this research dealt with existing OD process WWTPs in Japan,
the algal system could also be implemented in new WWTPs in developing countries.
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Appendix A

The surrounding environment and proximity of the Awano WWTP to obtain the exhaust CO, gas
(Figure A1).

Awano WWTP
(No. 5)

"4

Plant of Kozato Kizai

Figure Al. Proximity of the Awano WWTP and the Kozato Kizai Co., Ltd plant (Map: Made from
Google Maps).
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The details of the operating costs result (Figure 10) per treatment of 1 m3-w.w. (Table A1) Based
treatment volume scale was 81.6 m3-w.w./d.

Table Al. Operating costs for the existing OD method and microalgae scenario.

Operating Cost ($/m>-w.w.)

Existing Algal A Algal B Remarks
Use of exhaust CO; gas as free - v v
Use of discharged heat - v -

Water-treat / Cultivation
Electricity costs 0.26 0.16 0.16 [18], Cua
Maintenance inspection cost 0.05 0.05 0.05 Same, [18]
labor cost 0.22 0.22 0.22 Same, [18]

Primary Concentration (Gravity Concentration)
Electricity & chemical costs - 0.25 0.25 Csg
Maintenance inspection cost 0.02 0.02 0.02 Same, [18]
Secondary Concentration (Centrifugal Dehydration)
Electricity costs 0.004 0.03 0.03 [18], Cpr
Maintenance inspection cost 0.06 0.06 0.06 Same, [18]
Chemical cost (polymer flocculant®) 0.02 - - [18], Algal included in Csg

labor cost 0.12 0.12 0.12 Same, [18]

Deodorizing Equipment
Electricity costs 0.01 0.01 0.01 Same, [18]
Maintenance inspection cost 0.03 0.03 0.03 Same, [18]
Activated carbon cost 0.37 0.37 0.37 Same, [18]
Dehydrated sludge disposal cost 0.18 - - Pps x DS
Sales income of biocrude - —-0.04 —-0.04 —Ppc X BC

HTL cost (heat recovery 86%) - - 0.07 Cyrr X 14%
Total 1.34 1.29 1.36

* Costs of disinfection chlorine are not included in any of the scenarios.
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