
Vertical-algal-biofilm enhanced raceway pond for cost-effective
wastewater treatment and value-added products production

Qi Zhang a, b, Zhigang Yu c, Liandong Zhu d, Ting Ye b, Jiaolan Zuo b, Xuemei Li e,
Bo Xiao b, *, Shiping Jin a, **

a School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan, 430074, China
b School of Environmental Science and Engineering, Huazhong University of Science and Technology, Wuhan, 430074, China
c Department of Civil and Environmental Engineering, The Hong Kong University of Science and Technology, Hong Kong, China
d Faculty of Technology, University of Vaasa, FI-65101, Vaasa, Finland
e School of Environmental Science and Engineering, Hunan University, Changsha, China

a r t i c l e i n f o

Article history:
Received 31 October 2017
Received in revised form
28 March 2018
Accepted 29 March 2018
Available online 30 March 2018

Keywords:
Algal biomass
Biofilm carrier
Biodiesel
Mechanical harvester
Wastewater

a b s t r a c t

A win-win strategy by the integration of wastewater treatment with value-added products production
through a vertical-algal-biofilm enhanced raceway was investigated in the present study. Raceway pond
was enhanced by vertically setting the biofilm in the systemwith a certain interval distance that could be
adjusted for different light conditions and wastewater types. Two types of synthetic wastewater were
treated with suitability-proven materials as biofilm carriers under four operation distances. Composition
of the harvested algal biomass was analyzed. Coral velvet with 5e8mm length villus was the optimal
carrier, since it was durable and with high biomass productivity (6.95e8.11 gm�2$day�1). Nutrients in
the wastewaters were efficiently removed with the COD, TN and TP reduction of over 86.61%, 73.68% and
89.85%, respectively. Wastewater with the low nutrients concentration experienced lower biomass and
lipid productivity but larger biodiesel productivity and higher nutrient removal efficiency. In addition, as
the operation distance increased, wastewater treatment efficiency was first increased but then
decreased, while algal biomass footprint production was decreased. Differences in nutrients removal
efficiencies were mainly due to the distance difference, which caused different biofilm culture surface
areas and light regimes. The optimal operation distance as a function of the efficient nutrient removal
and biodiesel production in this study was 6 cm.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Owing to the global industrialization and living standard
enhancement of mankind, wastewater generation is sharply
increased in recent years (Zeng et al., 2015). Discarding of waste-
water into environment without any treatment or inefficient
pollutant removal is harmful to the water body, soil and even the
atmosphere (Zeng et al., 2015). Wastewater treatment could be
conducted by chemical, physical and biological methods. Treating
wastewater via aerobic process is energy exhaustive and inefficient
in nitrogen and phosphorus removal, and it also generates huge

amount of sludge, which needs large input for the management
(Salama et al., 2017). Besides, nutrient removal via nitrification-
denitrification, membrane separation and chemical precipitation
is also energy- and/or resource-intensive, especially for the treat-
ment of industrial wastewaters (Hu et al., 2017).

However, wastewater is an excellent medium for algal growth
by providing nitrogen, phosphorus and carbon source (Mu et al.,
2014; Zhou et al., 2013). And many algal species could grow in in-
dustrial wastewater, which has poisonous and harmful substances
like heavy metals (Raslavicius et al., 2018). Wastewater treatment
via microalgae cultivation is a win-win strategy for not only pro-
ducing algal biomass for the algal-based clean energy production
(Miranda et al., 2017; Ooms et al., 2016), but also saving plenty of
money related to the removal of nitrogen, phosphorus, etc. (Rawat
et al., 2013).

Algae are efficient in removing nitrogen and phosphorus from
wastewater (Sharp et al., 2017; Su et al., 2011). Traditional algal-
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based wastewater treatment system involves raceway pond, multi-
layer open pond-like bioreactors and different types of closed
bioreactors (de Vree et al., 2015; Zhou et al., 2014; Zhu et al., 2017).
Among these systems, raceway pond is believed to be the most
feasible and cost-effective facility to treat large amounts of waste-
water, due to its lower capital cost, easier to scale up and higher
treatment volume compared to other techniques (Zhou et al., 2013).
However, traditional raceway ponds with suspended algal culture
have various limitations: (1) limited light penetration due to the
self-shadowing effect (Wang et al., 2015); (2) inefficient photo-
synthesis; (3) energy consuming and expensive for harvesting the
suspended algal biomass (Christenson and Sims, 2012); and (4)
deteriorated effluent quality induced by inefficient harvest of the
biomass (Zhou et al., 2014). These drawbacks greatly limit its
upscaling.

Algal biofilm systems have the advantages that cells can be
grown as biofilm so no separation of algal biomass fromwastewater
is needed before discharging the effluent. And biomass can be just
harvested by scrapping, which largely reduces the downstream
processing costs. Meanwhile, higher light penetration efficiency
exists during the attached cultivation (Wang et al., 2015). Algal
biofilm based wastewater treatment systems have been widely
reported, and some examples are rotating disks (Christenson and
Sims, 2012), Algal Turf Scrubber (Mulbry and Wilkie, 2001),
rotating algal biofilm reactor (Christenson and Sims, 2012), and
horizontal biofilm reactor (Boelee et al., 2011). However, these
systems are either inefficient in algal biomass production and
wastewater treatment due to the limited biofilm culture surface on
unit land-footprint, or poor in cell attachment due to the moving
and folding of the carrier materials. Besides, biofilm is more sus-
ceptible to the changed light condition because light directly pen-
etrates on its surface and cannot be diluted in these systems.
Therefore, a new kind of vertical-algal-biofilm enhanced raceway
pond (VAB-enhanced raceway) has been developed for efficient
wastewater treatment and algal biomass production. Algal cells are
attached to the carrier materials, which are vertically set inside the
raceway pond, and biomass is just harvested through scrapping
with no need of the separation of algal biomass from the effluent. In
addition, such vertical strategy can also largely increase the biofilm
growth area on the unit land-footprint area. Meanwhile, incident
light can be well diluted to adapt to different light conditions by
adjusting the distance between the vertical biofilms, and thus
photo-limitation and photo-inhibition are under control.

Hence, the objectives of this study were to: (1) prove the
concept of the VAB system and determine the optimal materials for
algal attachment, (2) detect the optimal operation conditions, (3)
estimate the productivities of algal biomass, lipid and biodiesel, and
(4) specify the scale-up possibility of the system.

2. Materials and methods

2.1. Algal strains and subculture

The microalgae Scenedesmus obliquus FACHB-416, Chlorella vul-
garis FACHB-32 and Oscillatoria tenuis FACHB-1052, purchased from
the Institute of Hydrobiology, Chinese Academy of Sciences, PR
China, were involved in this study. Prior to each batch of study, all
species were grown in 150mL autoclaved BG 11 medium under a
light intensity of 200 mmolm�2s�1 with a light/dark cycle of 14/10 h
on an orbital shaker (60 rpm) at 25± 2 �C. The cultures were then
used for inoculation into the VAB-enhanced raceway when the
optical density (OD685) reached about 1.0e1.5 after cultivation for
four to six days.

2.2. Laboratory scale VAB-enhanced raceway pond

In this study, VAB-enhanced raceway pond was constructed
with a raceway pond, a rotator and a couple of vertical-algal-
biofilm components (Fig. 1a). Two identical VAB-enhanced race-
ways were designed. The rotator was constructed with a motor
(220 V, 60W, 51K90/120A-A, Xin Li, China) and four paddle im-
pellers (Fig. 1a). The raceway pond was built with 70 cm length,
40 cm width and 15 cm height (Fig. 1b). Algal biofilm growth area
was set in the middle of the raceway pond with an area of
2� 20� 40 cm2 and illuminated with LED lights under light in-
tensity of 425 mmolm�2s�1 in a light/dark cycle of 14/10 h. Growth
area was further divided into eight parts for simplified sampling
procedure by ten biofilm support brackets (Fig. 1c) which were
fixed at the bottom of the pond. Each part own an area of
20� 10 cm2 (Fig. 1b).

Materials used for algal attachment were first divided into
10� 11 cm2, and then were fixed onto two straight stainless steel
wires with the length of 12 cm (diameter of 2mm) to form a biofilm
component (Fig. 1c). Then, the components were vertically posi-
tioned in the supporting brackets, parallel to each other. After each
batch culture, the materials were cleanly washed with deionized
water for the next batch cultivation.

Each component was considered as a sample, and the distance
between each component can be adjusted to dilute the incident
light to obtain suitable light intensity for algal growth. During this
study, distances of 2, 4, 6 and 8 cm between each component cor-
responding to the total amount of components about 64, 32, 24 and
16 pieces were studied. This was based on the consideration that
different operation distances would result in different light re-
gimes, total biofilm culture areas and nutrient loading rates, thus
affecting the nutrient removal efficiency and algal biomass
production.

During each batch culture, 30 L BG 11 medium was added into
each tank with an operation depth of 11 cm. Meanwhile, three
types of algal cultures with each 100mL were added to seed the
vertical components. Since bacteria can encourage algal immigra-
tion onto substrata (Flemming and Wingender, 2010; Hodoki,
2005), 100mL filtrated (by filter paper) unsterile wastewater from
the primary sedimentation tank of Long Wang Zui Wastewater
treatment plant in Wuhan, China was also added into the system to
promote algal biofilm formation. The corresponding dry bacteria
biomass contentwas determined as 0.011e0.009 g, according to the
method listed in the Supplementarymaterial. Then, the experiment
was started after seeding for 24 h. During the whole experiment,
the initial pH of the medium/wastewater was adjusted to 6.8± 0.2,
and the rotating speed of the rotator was set at 20 rpmmin�1 with
an averagemedium flow velocity of 11 cm s�1. The temperaturewas
controlled at about 28± 2 �C by air conditioner, and the water
evaporation lose was balanced daily with deionized water. Besides,
the tank was also aerated with 0.05% CO2 with a flow rate of
6 Lmin�1.

2.3. Mechanical harvester for potential scale-up

A mechanical harvester for the harvest of algal biofilm from the
VAB-enhanced raceway on full-scale was designed, as shown in
Fig. 2. Two plastic augers are driven by a motor, and continuously
scrap the biomass off the vertical algal biofilm on both sides, and
the biomass is collected into the hoppers. Meanwhile, the harvest
component assembly is slowly displaced along the length of the
raceway pond through the orbit during harvesting and thus can
achieve continuous harvest.
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