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a b s t r a c t

This study focuses on system analysis of a self-sustaining high-strength wastewater treatment concept
combining solar technologies, anaerobic digestion, and aerobic treatment to reclaim water. A solar bio-
hybrid power generation unit was adopted to power the wastewater treatment. Concentrated solar
power (CSP) and photovoltaics (PV) were combined with biogas energy from anaerobic digestion.
Biogas is also used to store the extra energy generated by the hybrid power unit and ensure stable and
continuous wastewater treatment. It was determined from the energy balance analysis that the PV-bio
hybrid power unit is the preferred energy unit to realize the self-sustaining high-strength wastewater
treatment. With short-term solar energy storage, the PV-bio-hybrid power unit in Phoenix, AZ requires
solar collection area (4032 m2) and biogas storage (35 m3), while the same unit in Lansing, MI needs big-
ger solar collection area and biogas storage (5821 m2 and 105 m3, respectively) due to the cold climate.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The United Nations Environment Program (UNEP) reported that
two billion tons of sewage, industrial and agricultural wastewater
are discharged into the world’s waterways every day (UNEP et al.,
2010). A significant amount of them is high strength wastewater
defined as the wastewater with elevated levels of organics
(Mutamim et al., 2012), such as wastewater from animal farms
and food processing facilities. The wastewater has affected approx-
imately 245000 km2 of marine ecosystems (UNEP et al., 2010), and
methane and nitrous oxide from the degradation of organic matter
in the wastewater greatly contribute to global greenhouse gas
emissions. On the other hand, the wastewater, particularly high-
strength wastewater, is rich in organic matter, which represents
a good carbon and nutrient (phosphorus and nitrogen) source for
microbes to synthesize energy and chemical products. However,
fecal matters and low-concentration nutrients in the wastewater
present technical challenges to utilize them for energy and chem-
ical production. New scientific and engineering solutions are
urgently needed to address these challenges and transform the
wastewater from a major environmental and health hazard into a
clean and attractive resource.

Current wastewater treatment technologies mainly rely on aer-
obic treatment (AET) in which microbes aerobically degrade the
soluble and colloidal organics and reclaim the water (Speece,
1996). However, due to the aeration, AET is an energy-intensive
operation with a relatively large carbon footprint from fossil
energy consumption (US-EPA, 2010). For high-strength wastewater
treatment, a much larger carbon footprint is required considering
the fact that aerobic microbes require more oxygen and longer
retention. Therefore, carbon neutral and self-sustaining system
needs to be developed for next-generation wastewater treatment.
Compared to conventional AET, anaerobic digestion (AD) is another
biological means that is able to simultaneously treat high-strength

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2017.03.065&domain=pdf
http://dx.doi.org/10.1016/j.biortech.2017.03.065
mailto:liaow@msu.edu
http://dx.doi.org/10.1016/j.biortech.2017.03.065
http://www.sciencedirect.com/science/journal/09608524
http://www.elsevier.com/locate/biortech


416 M. Bustamante, W. Liao / Bioresource Technology 234 (2017) 415–423
wastewater and generate bioenergy, and has the potential to be
further developed into a carbon neutral process (Sun et al.,
2015). However, due to the microbial community structure and
their metabolic pathways, the growth of anaerobic microbes is
much slower than aerobic microbes (Speece, 1996; Ye and Zhang,
2013), so that the nutrient removal of AD is not very efficient,
and the wastewater cannot be reclaimed completely (Speece,
1996). It has been demonstrated that integrating anaerobic and
aerobic processes to treat wastewater is an effective approach to
take advantages of both systems (i.e., AD’s capability of handling
high-strength wastewater and its energy production, and AET’s
efficient nutrient removal) (Chan et al., 2009). It can thus be used
to completely reclaim water from a wide range of organic wastew-
ater streams (Deshpande et al., 2012; Martin et al., 2011; Novak
et al., 2011; Zhou et al., 2015). Although the AD in the integrated
system can provide a certain amount of energy to support the
operations, the system including biogas cleaning and upgrading,
AD, and AET demands more energy than can be provided by the
biogas energy of the AD. Additional energy sources are required
to achieve a self-sustaining wastewater treatment.

In response to this need, solar energy could be the additional
renewable source to satisfy the energy demand. Solar energy was
first studied by U.S. Environmental Protection Agency (U.S. EPA)
in the later 1970s as the heat source to improve thermal efficiency
of anaerobic digestion (Malcolm and Cassel, 1978). Since then,
many studies have been conducted on this topic. Hills and Ste-
phens conducted the feasibility of using solar energy to heat a
mesophilic continuous stirred-tank reactor (CSTR) anaerobic diges-
ter (Hills and Stephens, 1980). Axaopoulos et al. developed a sim-
ulation model for a swine manure reactor heated by solar energy
(Axaopoulos et al., 2001). Alvarez et al. studied the integration of
solar heat, thermophilic anaerobic digestion, and constructed
treatment wetland to treat wastewater and enhance biogas pro-
duction (Alvarez et al., 2016). However, integrating solar power,
anaerobic digestion, and aerobic process to treat high-strength
wastewater has not been comprehensively studied to date. There-
fore, the objectives of this study were to model a solar-bio hybrid
wastewater treatment that could self-sustainably reclaim high-
strength agricultural wastewater, and to understand the effects
of the seasonal and temporal variation (direct normal irradiance
and global horizontal irradiance) on the solar-bio hybrid wastewa-
ter treatment system. In the past decades, many solar power con-
version technologies, such as parabolic trough systems, central
tower systems, dish solar systems, Fresnel reflectors, and photo-
voltaic (PV) cells have been developed (Mills, 2004). They are
mainly classified into two categories: solar thermal and electrical
(PV) conversion. Both types were studied in this paper. The para-
bolic trough collector was selected as the solar thermal conversion
technology, due to the fact that its temperature is compatible with
the steam generation system (<400 �C) (Siva Reddy et al., 2013). In
addition, PV cells were investigated as the solar electric conversion
technology, considering their simplicity for direct electricity
generation.
Table 1
Feedstocks of the anaerobic digester.

Description Total solids (%) Volatile solids (%) pH

Animal manureA 9.9 ± 1.3 8.3 ± 1.2 7.13 ± 0.98
Food wasteB 8.5 ± 2.8 7.7 ± 2.4 4.60 ± 0.82
Mixed AD influentC 8.5 ± 2.2 7.2 ± 1.9 6.21 ± 0.93

A Data are the average of 25 samples with standard deviation.
B Data are the average of 24 samples with standard deviation.
C Data are the average of 45 samples with standard deviation.
2. The solar–bio hybrid wastewater treatment system

2.1. Anaerobic digestion (AD)

The simulation of the AD was based on the operational and lab-
oratory data from a commercial anaerobic digester located at
Michigan State University (MSU) south campus (42� 410N, 84�
290W) in 2015. Animal manure, food waste and FOG (fat, oil, and
grease) were the feedstock. The animal manure was from the
MSU dairy farm. The animal feed of the dairy farm consisted of
alfalfa and corn silage blended according to the National Research
Council (NRC)’s standard Total Mixed Rations (TMRs) for dairy cat-
tle. The food waste came from dining halls at MSU campus and
local restaurants. The digester is a completely stirred tank reactor
(CSTR), operated at a temperature of 40 �C and with a retention
time of 20 days. The characteristics of the feedstock are listed in
Table 1. The animal manure and food waste were collected in
two pits with volumes of 76 m3 and 95 m3. The waste in the pits
had an average of 8% total solids, and was ground and pumped into
a mixing tank (with a volume of 38 m3). The mixed AD influent was
then fed into the digester (with a volume of 1570 m3). In order to
maintain the culture temperature, a heating loop was installed to
circulate the hot water continuously from the power generation
unit to maintain the temperature of the digester. A double high-
density polyethylene (HDPE) membrane covers the top of the
digester. The AD effluent was separated by a liquid/solid separator
to obtain AD fiber and liquid filtrate. A conveyor moved the wet AD
fiber to a storage barn for composting of fertilizer production, and
the liquid filtrate was transferred to a tank for the secondary treat-
ment (Fig. 1).

2.2. Biogas upgrading

The mass balance and energy consumption of the biogas
upgrading was based on the literature data (Ryckebosch et al.,
2011; Sun et al., 2015). The raw biogas was cleaned and upgraded
using a two-stage process of water scrubbing and cryogenic sepa-
ration to remove humidity, CO2, H2S, and other chemical com-
pounds. The upgraded biogas was stored in a metallic heavy-
duty tank to be used as the fuel for the power generation.

2.3. Aerobic treatment (AET)

After the solid/liquid separation, the AD effluent (filtrate) was
further treated by a conventional AET operation (Fig. 1). The simu-
lation of the AET was based on literature data. The filtrate entered
into the aeration chamber, where the dissolved oxygen was main-
tained between 1 and 2 mg/L (EPA, 2000; Wang et al., 2009). The
daily operation consisted of two batches (12 h operation time per
batch) (Ge et al., 2013). The AET effluent was pumped into a clar-
ifier tank where solids were settled out. The reclaimed water after
the clarification, which satisfied the EPA discharging standard, can
then be used for other non-potable agricultural applications.

2.4. Solar–bio hybridization of power generation

One of the key criteria for the hybridization power system is
that the energy sources of solar and biogas energy must be bal-
anced for a continuous power supply to satisfy the wastewater
operation need. The solar collection area (for CSP and PV) must
be determined to match the storage needs of biogas for year-
round operation.

2.4.1. Solar–thermal–bio hybridization power generation
The solar–bio hybridization is shown in Fig. 2a. The energy

requirements (thermal and electrical) of the wastewater treatment



Fig. 1. Flow diagram for a conventional anaerobic/aerobic digestion process.
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were provided by steam power generation. A concentrated solar
collector (CSP) was installed to collect and transfer solar energy
into a heating transfer fluid (HTF) to preheat the feedwater. Two
buffer tanks (cold and hot storage) were used to store the collected
solar energy to continuously preheat the feedwater. In the case of
electricity generation without short-term solar energy storage, the
solar heat storage can support the feedwater heating operation for
30 min. In the case of electricity generation with short-term solar
energy storage, the size of the hot storage tank is increased to
accommodate the heat storage to support the feedwater preheat-
ing operation for one day. The preheated feedwater was then sent
into the boiler to produce superheated steam using the upgraded
biogas as the fuel. The steam was then expanded in the turbine,
generating shaft work that was used as an electric generator. The
expanded steam was cooled and condensed. The cool water was
then returned to the feedwater tank to continue with the cycle.
The extracted thermal energy was used to maintain the AD
temperature.

The power generator consisted of a 325 kWe steam turbine that
was designed to accommodate the use of both biogas and solar

energy. The heat input ðQref
i Þ required to satisfy the temperature

and pressure of the superheated steam, is calculated as:
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Fig. 2. Components of energy generation combining biogas and sola
Qref
i ¼ Pe

ge � g�
ð1Þ

where ge is the turbine efficiency (thermal to electrical energy); and
g� is the heat exchanger ðghÞ efficiency (set at 0.85), or the fuel-to-
steam efficiency ðgbÞ. The thermal energy extracted in the con-
denser ðQoÞ is defined as:

Qo ¼ ðQref
i � 0:5Þ � gc ð2Þ

where gc is the condenser efficiency. The parasitic energy required
by the power generation system was set at 5% of the designed elec-
tricity power output (16.25 kWe), which considers the energy con-
sumed by pumps, gas fans, and miscellaneous equipment for the
operation. The parameters for the steam turbine are summarized
in Table 2.

A commercial boiler, model CBEX Elite 125 BHP was used to
simulate the steam generation (Cleaver-Brooks, 2011). For load
capacities of 25%, 50%, 75%, and 100%, the fuel-to-steam efficien-
cies were 84.2%, 84.7%, 84.6%, and 84.4%, respectively. An average
fuel-to-steam efficiency of gb ¼ 84:48% was considered for the
thermal energy input calculation ðgb includes convection and radi-
ation losses, combustion efficiency, heat exchanger efficiency, and
15% excess air in the exhaust flue gas for the selected model).
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Table 2
Operational parameters of 325 kW steam turbine.

Parameter Value Unit

Maximum electricity output 390 kWe
Minimum electricity output 81.25 kWe
Turbine efficiency 0.35 –
Design heat input 928.57 kWt
Maximum heat input 1111.2 kWt
Minimum heat input 275.62 kWt
Thermal energy extracted 464.2 kWt

Table 3
Performance of anaerobic digestion.

Description Unit Value

Operating temperature �C 40
Hydraulic retention time day 25
Feed pHA – 6.22 ± 0.93
Feed CODB mg/L 133250 ± 21173
Biogas productionC m3/day 2919.9 ± 1643.9
Methane composition – 0.60
Daily waste feeding m3/day 76.07
Liquid filtrate m3/day 64.66
Solid digestate (AD fiber) m3/day 11.41

Average energy demand for the AD operation kWh/day 1276

A Data is the average of 45 samples with standard deviation.
B Data is the average of 8 samples with standard deviation.
C Data is the average of 365 samples with standard deviation
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In addition, the relationship between electricity generation and
thermal energy input can be expressed by a polynomial equation
(NREL, 2016b) as:

P ¼ b0 þ b1 �
Qi

Qref
i

 !
þ b2 �

Qi

Qref
i

 !2

þ b3 �
Qi

Qref
i

 !3
0
@

1
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where P is the electrical power generated (kWe); Qi is the input
thermal energy (kWt); b0�3 are coefficients for turbine modeling
(�0.0572; 1.0041; 0.1255; �0.0724, respectively). The extracted
thermal energy in the condenser can also be defined by the polyno-
mial equation:
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Qi
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Siemens SunField solar collector assembly (SCA) parabolic
reflectors (aperture reflecting area 6 m2, average focal length
1.5 m) were selected as the solar collectors. The heating collection
elements (HCE) consist of model 2008 Schott PTR70 vacuum tubes.
The optical factors for the SCA and HCE are listed in Table S1.

A single-axis tracing system (the trough is placed from east to
west) was used to concentrate solar radiation into vacuum tubes,
where synthetic oil (working fluid) absorbed and transferred the
thermal energy. The heated synthetic oil was then used to preheat
the feedwater before the boiler. Two buffer tanks (hot and cold
storage) were used to store the thermal energy and heat the
feedwater.

2.4.2. Pv–bio hybridization power generation
The PV-bio hybridization power unit was also studied to supply

extra electric energy instead of thermal energy to the wastewater
treatment system (Fig. 2b). The analysis was performed by model-
ing the installation of panels, model SolarWorld SW235 mono,
60 cells per module, 30� tilted, degradation of 0.5% per year, and
maximum power of 235 W under reference conditions (cell tem-
perature at 25 �C and 1000 W/m2 of solar radiation). The System
Advisor Model from NREL was used to calculate the nominal oper-
ating cell temperature (NOCT), and to quantify the energy genera-
tion under different solar radiation values (NREL, 2016b). System
losses include losses in the DC and AC energy conversion, such as
in the diodes and connections (0.5%), DC wiring (2%), soiling (5%),
AC wiring (1%), and transformer (1%). In addition, short-term solar
energy storage can be added to extend the operating hours for
electricity generation by installing a battery bank, which has a
storage capacity that can hold 50% of the maximum daily electric-
ity collection in a year.

2.5. Analytical methods for AD

The methane and carbon dioxide contents of the biogas from
MSU anaerobic digester were quantified using a SRI 8610c gas
chromatograph (Torrance, CA). The system was equipped with a
thermal conductivity detector. The detector was maintained at
150 �C during the analysis. Hydrogen and helium were carrier
gases, and maintained at 21 psi. The biogas sample volume was
100 lL, and the syringe was purged three times before sample
injection. The chemical oxygen demand (COD), total phosphate
(TP) and total nitrogen (TN) of the animal manure and food waste,
AD effluent, and liquid filtrate were measured using HACH meth-
ods (HACH, 2004). The total solids (TS) and volatile solids (VS) were
analyzed using the standard method (APHA, 1998).
3. Results

3.1. Mass balance of the wastewater treatment

A mass balance was conducted to evaluate the system perfor-
mance. The operational parameters for the anaerobic digester are
listed in Table 3. The AD system generated 2919.9 m3/day of bio-
gas, 11.41 m3/day of solid digestate (AD fiber), and 64.66 m3/day
of liquid filtrate (Fig. 3) under the conditions of 25 days hydraulic
retention time (HRT) and a digestion temperature of 40 �C. The cor-
responding TS and COD removal were 41% and 62%, respectively.
However, there was still a significant quantity of nutrients remain-
ing in the filtrate, particularly TN (4290 mg/L) and TSS (23734 mg/
L) (Table S2). Further treatment was needed to reclaim the water
for other uses.

The AD filtrate was then treated by the AET process, including
an aeration chamber and clarifier tank (Fig. 1). The minimum nutri-
ent removal requirement for secondary treatments (Federation,
2009) as well as the water quality standard for agricultural use
(Lazarova and Bahri, 2005) is shown in Table S3. According to these
parameters, the total suspended solids (TSS), COD, TP, and TN in
the influent of the AET process must be less than 250 mg/L,
400 mg/L, 15 mg/L, and 20 mg/L, respectively. Because the AD fil-
trate had much higher concentrations than these values
(Table S2), it requires a large volume of the aeration chamber
(5080.98 m3) to treat it (Fig. 3). The COD was used as the critical
parameter to calculate the required volume. After the AET, the sys-
tem generated 32.33 m3 of reclaimed water every 12 h for irriga-
tion uses.
3.2. Energy balance of the solar–bio hybridization wastewater
treatment

3.2.1. Electricity demands of the wastewater treatment
Table S4 shows the electricity demand by the AD operation. The

electricity usage of the different equipment during the AD opera-
tion has been arranged to enable a relatively even distribution of
the electricity loading throughout a day, and to improve the engine
efficiency. The average electricity demand for the AD operation
was 293 kW (Fig. 4).



Fig. 3. Mass balance of the integrated anaerobic digestion and aerobic treatment.
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The biogas cleaning and upgrading had the highest electricity
requirements. It has been reported that the electricity demands
of water scrubbing and methane cryogenic separation are
0.275 kWh/Nm3

biogas and 0.35 kWh/Nm3
biogas, respectively (Sun

et al., 2015). The effect of temperature on normalized biogas volume
is expressed as follows:

VN ¼ PAD � VB

TAD
� TN

PN
ð5Þ

where PN ¼ 1 atm; TN ¼ 288:15 K; PAD ¼ 1:0074 atm; and
TAD ¼ 308:15 K. Eq. (5) was then used to calculate the conversion
factor between real biogas and normalized biogas. The electricity
demands for water scrubbing and cryogenic separation were
1.068 MJ/m3

biogas and 1.359 MJ/m3
biogas.

As for the AET operation, it has been reported that the aeration
ranges from 3.75 to 15 m3

air/m3
influent in order to maintain the dis-

solved oxygen concentration between 1 and 2 mg/L (Wang et al.,
2009). An intermediate value of 9.375 m3

air/m3
influent was selected

by this study to carry out the energy analysis. Since the volume of
each AET operation was 5080 m3 influent each 12 h, the aeration rate
needed to be 1.103 m3 air/s (0.013 m3 air/m3 influent per min) to
0
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satisfy the required dissolved oxygen concentration. The power for
the air compressor can be correspondingly calculated as:

Pcomp ¼ a �mair

gcomp
ð6Þ

a ¼ c
c� 1

� p0 �
p1

p0

� �c�1
c

� 1

 !
ð7Þ

where mair is the air flow requirement (m3
air/s); gcomp is the compres-

sor efficiency (0.90); c is the ratio between the specific heat at con-
stant pressure and the specific heat at constant volume ðc ¼ 1:4Þ; p0

is the atmospheric pressure (101,000 Pa); and p1 is the outlet air
pressure (303,000 Pa). The compressor requires 159.70 kW to pro-
vide the air needed for the process. Fig. 4 indicates that aeration is
the largest energy consumer among the unit operations of the
wastewater treatment.

3.2.2. Thermal energy requirements of the wastewater treatment
Thermal energy is needed by the anaerobic digestion to heat the

feed and maintain the culture temperature at 40 �C. The energy
2 13 14 15 16 17 18 19 20 21 22 23 24
E (HOUR)
r scrubbing Aera�on

f the wastewater treatment.
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requirement per day ðEreq (MJ/day)) is calculated as (Yue et al.,
2013):

Ereq ¼ VAD

HRT
� qinf � Cp � ðTAD � Tinf Þ � ð1þ 0:3Þ=106 ð8Þ

where VAD is the digester volume (m3); HRT is the hydraulic reten-
tion time (days); qinf is the feed density (1220 kg/m3); Cp is the feed
specific heat (4120 J/kg��C); TAD is the culture temperature (40 �C);
Tinf is the feed temperature (it is assumed to be the same as the
ambient temperature when the ambient temperature is above
4 �C, and it is set at 4 �C when the ambient temperature is below
4 �C); and 0.3 is the additional heat that is needed to maintain the
mesophilic culture condition of the digester. Due to the lower atmo-
spheric temperature year-round in Lansing, the thermal energy
needed to maintain the AD culture was an average of 323,099 MJ/-
month for the operation, which was almost double that in Phoenix
(153,182 MJ/month) (Fig. S1).

3.2.3. Energy generation
The studied systems used the AD to generate energy for the

wastewater treatment system. However, the electricity
(5548.14 kWh/day from the AD on the feed of 76 m3

influent per
day) generated is insufficient to cover the energy demand
(7032 kWhe/day) of the wastewater treatment system, owing to
the high electricity demand of the AET operation. Solar energy was
then added into the system as the second energy source.

Since solar energy collection is largely influenced by the geo-
graphical location and season, a year-round and hourly-based anal-
ysis was carried out at two locations (Lansing, MI (42� 410N, 84�
290W) and Phoenix, AZ (33� 260N, 112� 40)). These locations repre-
sent the low and high annual average direct normal and global
irradiation in the United States (7.5–4 kWh/m2�day and 6.5–
3 kWh/m2�day, respectively) (NREL, 2016a). Fig. S2 shows the vari-
ation of solar radiation (Direct Normal Irradiance (DNI) and Global
Horizontal Irradiance (GHI)) and ambient temperature during a
year for both locations (NREL, 2015). The DNI is the amount of solar
radiation received by a surface held perpendicular to the rays that
arrive in a straight line from the direction of the sun, which is of
particular interest to concentrating solar thermal installations,
such as parabolic troughs. GHI is the amount of solar radiation
received by a surface horizontal to the ground, including both
direct and diffuse solar radiation. GHI is widely used for static col-
lection systems, such as photovoltaic panels. Phoenix has much
higher DNI, GHI, and atmospheric temperature than Lansing, while,
the ratio of GHI:DNI in Lansing is higher than Phoenix (Fig. S2).

The CSP-bio hybrid power unit uses parabolic trough collectors
to collect and transfer solar heat via the HTF to support electricity
production (Fig. 2a). The energy loss of HTF can be obtained as

Qp ¼ ðn3 � ð�THTF � TambÞ3 þ n2 � ð�THTF � TambÞ2 þ n1 � ð�THTF

� TambÞÞ � Qref
p � ASCA ð9Þ

where Qp is the heat loss in the piping system (kW); n1;2;3 are coef-
ficients (0.001693, �1.68 � 10�5, 6.78 � 10�8); �THTF is the average
temperature of the working fluid for this study (325 �C); Tamb is

the ambient temperature (�C); Qref
p is the reference heat loss in

the piping system when �THTF ¼ 316:5 �C (10 W/m2
SCA); and ASCA is

the area of the SCA (m2).
The net thermal energy collected from the SCA ðQN ðkWÞÞ is

then calculated as

QN ¼ DNI � gop � ASCA

� �
� QHCE L � ASCA

1000

� �
� Qp

� � ð10Þ

where DNI is the direct normal irradiance (kW/m2), the optical effi-
ciency ðgopÞ is 0.74 (Table S1), and the heat loss in the HCE has been
documented as QHCE L ¼ 6:609 W=m2 for the selected vacuum tube
model (NREL, 2016b).

The net heat used for steam generation is obtained as
Qns ¼ QN � gb. Eq. (3) is used to calculate the electricity generation.
The electricity load of the wastewater treatment (Fig. 4) is com-
pared hourly with the electricity generation from the solar–bio
hybrid unit. In the hybrid configuration, if the energy amount col-
lected from the DNI is insufficient to satisfy the energy demand to
generate the superheated steam for the turbine, biogas is burned to
compensate the energy deficiency and generate the superheated
steam (Colmenar-Santos et al., 2015; Sun et al., 2015). If the energy
quality (temperature) collected from the DNI is higher than the
requirement for superheated steam generation, the energy col-
lected in the SCA is then used to preheat the feedwater for the boi-
ler and reduce the biogas demand during the superheated steam
generation. Combining biogas and solar energy can synergistically
mitigate the issues of unstable solar energy flow and limited biogas
production.

The PV-bio hybrid power unit functions differently from the
CSP-bio hybrid unit to provide electricity for the wastewater treat-
ment system (Fig. 2b). Biogas serves as the thermal energy source
of the power unit and is only utilized when the electricity from the
PV (after DC to AC conversion, parasitic, and system losses) is
insufficient to cover the electricity demand of the system (Fig. 4).

In order to understand the performance of the solar–bio hybrid
power unit to satisfy the energy demand of the wastewater treat-
ment, two scenarios of electricity generation with and without
short-term solar energy storage were analyzed and compared.

3.2.3.1. Electricity generation without short-term solar energy stor-
age. A solar collection system without solar energy storage means
that both thermal heat from CSP and electricity from PV are
directly used by the solar–bio hybrid units for energy generation
when DNI and GHI are available.

For the CSP-bio hybrid power unit, the hourly energy required
from biogas ðQBÞ is calculated as the difference between the hourly
thermal energy required to generate the needed electricity
ðQ Pe af

� 	Þ and the hourly thermal heat collected from solar radia-
tion ðQN � ghÞ (Eq. (11.a)). While, the biogas energy needed for the
PV-bio hybrid unit is the thermal energy required by the turbine
to generate the electricity that compensates the insufficient elec-
tricity from the PV ðQ Pe af � Pv

� 	Þ (Eq. (11.b)).
QB ¼ QfPe af g � ðQN � ghÞ

gb
ð11:aÞ

QB ¼ QfPe af � Pvg
gb

ð11:bÞ

The solar operation factor (SOF) is a critical parameter to deter-
mine whether the solar–bio hybrid unit is a feasible solution to
power the integrated AD and AET process. The SOF is defined as
the time when CSP or PV units can collect net useful energy (the
energy from biogas and solar energy collected after thermal and
electricity losses to fulfill the minimum requirements of the
solar–bio hybrid unit).

Since the solar–bio hybrid units need to provide a minimum
energy input of 275.62 kWt (Table 2) to power the combined AD
and AET processes, ASCA was used to calculate the biogas daily bal-
ance of the solar–bio hybrid units. A positive biogas daily balance
(m3

biogas/day, the biogas amount required to generate QBÞ means that
extra biogas is produced and can be stored for use at night or on
cloudy days. A negative balance indicates that the daily biogas pro-
duction is insufficient to cover the electricity demand of the wastew-
ater treatment. An iterative approach was then applied to calculate
the annual biogas balance. The annual biogas balance was used to
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evaluate the performance of the solar–bio hybrid power units. With-
out short-term solar energy storage, the CSP-bio hybrid unit at Phoe-
nix and the PV-bio hybrid units at Lansing and Phoenix have positive
net annual biogas balances, while the CSP-bio hybrid unit at Lansing
has a negative net annual biogas balance (Fig. 5). The result indicates
that PV-bio hybrid power generation works for both Phoenix and
Lansing, while CSP-bio hybrid power generation only works for
Phoenix. The low DNI and short daylight time during winter in Lans-
ing are the main reasons that the CSP-bio hybrid unit cannot accu-
mulate sufficient solar radiation to generate the required amount
of the energy. It was also determined from the simulation results
that the ASCA of the CSP-bio hybrid and PV-electricity-bio hybrid
power units were 21498 m2 and 6128 m2, respectively, in Phoenix,
and the ASCA of the PV-electricity-bio hybrid unit was 12030 m2 in
Lansing (Table 4). The ASCA values enable the solar–bio hybrid units
to store 87304 m3 biogas for the CSP-bio-hybrid unit in Phoenix,
36175 m3

biogas for the PV-bio-hybrid unit in Phoenix, and 68507 m3
bio-

gas for the PV-bio-hybrid unit in Lansing (Table 4), which are all lar-
ger than the corresponding biogas demands. Thus, self-sustaining
wastewater treatment can be realized by PV-bio hybrid and CSP-
bio hybrid power generation in Phoenix, and PV-bio hybrid power
generation in Lansing.

However, since there is no short-term solar storage for the
solar–bio hybrid power units, a very large area of solar collection
is needed to generate energy during the daylight time to save the
biogas energy for use at night or when cloudy. The large collection
area leads to the generation of excess electricity and thermal
energy from solar collection when DNI and GHI are at their maxi-
mum values (Fig. S3).
3.2.3.2. Electricity generation with short-term solar energy stor-
age. Considering the large energy surplus from the solar–bio
hybrid units without short-term solar energy storage, it is not a
technically sound solution to use the solar–bio hybrid units to
power the wastewater treatment. The short-term solar energy
storage needs to be investigated to determine the optimal condi-
tions of solar–bio hybrid power generation, so that QB and SCA
both can be significantly reduced. A thermal reservoir for the
CSP-bio hybrid unit and a battery bank for the PV-bio hybrid unit
are used to store the extra solar energy when the DNI and GHI
are higher than the requirements to fulfill the electricity demand
of the wastewater treatment. The stored energy in the short-
term storage is then used during the times when the DNI and
GHI are not available to power the system.
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Fig. 5. Biogas balance without short-term solar energy storage. (a) Phoenix; (
Thermal collection for CSP uses a massive storage tank and
saves the extra energy for electricity generation in the form of sen-
sible heat, and the thermal storage is one-day sensible heat stor-
age. The capacity of the battery storage for the PV is selected as
half of the maximum daily electricity collection in a year. Eq.
(11) can be modified to include the energy from thermal or electri-
cal storage for the biogas balance.

QB ¼ QfPe af g � ðQN � gh þ Qs thÞ
gb

ð12:aÞ
QB ¼ QfPe af � Pv � Pv bg
gb

ð12:bÞ

where Qs th is the thermal energy stored; and Pv b is the electrical
energy stored. The size for the energy storage is selected based on
the thermal and electrical energy over-generated in the CSP and
PV installation. The thermal storage for CSP at Phoenix and Lansing
are 8851 kWht (thermal) and 26722 kWht, respectively. The battery
bank size for PV in Phoenix and Lansing are 425 kWhe (electrical)
and 1236 kWhe, respectively.

The iterative process calculated the ASCA based on zero biogas
balance in a year. The required ASCA for CSP- and PV-collection
are 3054 m2 and 4032 m2, respectively, in Phoenix. The required
ASCA for CSP- and PV-collection are 6756 m2 and 5821 m2, respec-
tively, in Lansing. Fig. 6 shows the biogas accumulation for the
selected solar collection area in a year. The annual biogas balance
analysis indicates that, to maintain a net positive energy balance,
the additional biogas for the CSP-bio hybrid and PV-bio hybrid
power units are 135217 m3 and 45054 m3, respectively, in Phoe-
nix; and they are 292486 m3 and 113386 m3 for the CSP-bio hybrid
and PV-bio hybrid power units, respectively, in Lansing. The calcu-
lated ASCA allows the CSP-bio hybrid and PV bio-hybrid units to
store 137684 m3 and 46002 m3 biogas, respectively, in Phoenix;
and 298098 m3 and 117301 m3 biogas, respectively, in Lansing.
Since the solar–bio hybrid power units with short-term storage
generate slightly more biogas energy than the demand of the
wastewater treatment, the CSP-bio hybrid and PV-bio hybrid units
both are capable of handling the weather variation and support the
wastewater treatment in Phoenix and Lansing (Table 5).

In addition, the monthly surplus electricity of the solar–bio
hybrid units with short-term solar storage is much lower than that
of the units without short-term solar storage (Fig. S3). The corre-
sponding ASCA values were correspondingly smaller, which makes
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Table 4
Biogas balance for the electricity generation (without short-term solar energy storage).

Location Solar collection
system

Solar collection Area
(m2)

Biogas deficit
(m3/yr)A

Biogas stored
(m3/yr)B

Biogas stored initial
volume (m3)

Biogas reserved
(m3)

Biogas tank capacity
(m3)C

Phoenix CSP 21498 84647 87304 31905 2656 76.75
PV 6128.6 35175 36275 14454 1100 34.61

Lansing PV 12030.5 67098 68507 20073 1408 68.88

A Biogas deficit is the total biogas daily requirement that exceeds the daily generation of the AD.
B Biogas stored is the non-used biogas from the daily generation in the AD.
C Tank capacity considering a biogas compression factor of 500.
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Fig. 6. Biogas balance with short-term solar energy storage. (a) Phoenix, (b) Lansing.
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the solar–bio hybrid units feasible to be implemented at wastew-
ater treatment facilities (Tables 4 and 5).

4. Discussion

This study presents a self-sustaining high-strength wastewater
treatment concept for agricultural applications. Solar and biogas
energy are used to support the treatment process including AD
and AET. Based on geographic location of the treatment system,
the effects of ambient temperature, DNI, and GHI on the system
configuration and performance have been comprehensively
investigated.

The AD unit in the self-sustaining system plays a dual role of
reducing the organic matter and producing the biogas for electric-
ity generation. The total solids in the AD influent (8.5%) were
reduced by 41%, producing an average of 2919.9 m3

biogas/day
(0.48 m3

biogas/kg volatile solids day) (Table 3 and Fig. 3). The biogas from
the AD is a key energy component to realize the self-sustaining sys-
tem (the energy of 7043.5 kWhe is required by the wastewater treat-
ment, biogas can supply 5548.13 kWhe).
Table 5
Biogas balance for the electricity generation (with short-term solar energy storage).

Location Solar collection
system

Solar collection Area
(m2)

Biogas deficit
(m3/yr)A

Biogas sto
(m3/yr)B

Phoenix CSP 3054 135217 137684
PV 4032 45054 46002

Lansing CSP 6756 292486 298098
PV 5821 113386 117301

A Biogas deficit is the total biogas daily requirement that exceeds the daily productiv
B Biogas stored is the biogas non-used from the daily generation in the AD.
C Tank capacity considering a biogas compression factor of 500.
AD is a good energy generation unit, though it has limited capa-
bility to remove other nutrients, such as P and N, and reclaim the
water. AET is then needed to post-treat the AD effluent and com-
plete the wastewater treatment. AET requires a considerable
amount of electricity (3832.8 kWhe per day, which is 54.4% of
the total electrical consumption) to support the growth of aerobic
microbes, leading to a negative energy balance for the wastewater
treatment if the biogas is the only energy source for the combined
AD and AET processes. Thus, a second energy source, solar energy,
needs to be integrated into the system to satisfy energy demand of
the AET. CSP and PV were the two selected solar energy collection
methods for the solar–bio hybrid power units. The CSP-bio hybrid
unit has the advantages of collecting energy at medium tempera-
tures (<350 �C) and increasing the solar energy utilization effi-
ciency ðgop � geÞ. The PV-bio hybrid unit has the advantages of
generating electricity from diffuse solar radiation and having a
higher SOF.

Energy balance analysis indicates that there is a significant dif-
ference in the solar collection area between solar–bio hybrid sys-
tems with and without short-term solar energy storage. Without
red Biogas stored initial
volume (m3)

Biogas reserved
(m3)

Biogas tank capacity
(m3)C

42380 2466 93.05
15848 475 35.43

74920 5612 218.13
28864 3916 105.33

ity in the AD.
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the storage, the SOF must be maximized by increasing ASCA to col-
lect solar energy to obtain sufficient thermal energy for the CSP-bio
hybrid unit, or sufficient DC current for the PV-bio hybrid unit to
satisfy the energy demand of the wastewater treatment. With
the storage, the SOF is significantly reduced for both CSP-bio
hybrid and PV-bio hybrid units. Correspondingly, the values of
ASCA are also greatly decreased (Tables 4 and 5). In addition, the
PV-bio hybrid unit has a lower ASCA and smaller biogas storage tank
than the CSP-bio hybrid unit at both locations of Phoenix and Lans-
ing. It is apparent that the PV-bio hybrid unit is the preferred
power solution for the studied self-sustaining high-strength
wastewater treatment.
5. Conclusions

The solar–bio-hybrid power generation addresses the challenge
of high-energy demand of the AET in the integrated system. The
energy balance analysis demonstrates that biogas storage to store
the extra energy generated by the solar–bio hybrid units during
the warm months enables the wastewater treatment operation to
be completely self-sustainable year-round. The PV-bio-hybrid unit
with short-term energy storage requires a smaller solar collection
area and smaller biogas storage tank than the CSP-bio-hybrid unit
at both studied locations. Therefore, synergistically integrating PV-
bio hybrid power generation, AD, and AET provides a technically
feasible solution of a self-sustaining wastewater treatment.
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