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Abstract 
 
Objectives:  

The wastewater treatment is a critical but expensive component for forward operating 
bases (FOBs). Development of a self-sustaining wastewater treatment is urgently needed to 
sustain the FOBs. The goal of this project was to integrate solar, biological, and membrane 
technologies into wastewater treatment concept to create an energy-neutral small-scale 
wastewater treatment system that can significantly reduce mass of the wastewater, and 
simultaneously generate portable water for FOBs. The studied system includes four unit 
operations: solar energy generation, anaerobic digestion, electrocoagulation, and membrane 
filtration. Six specific objectives were carried out to develop the system: 1) designing a new 
solar-bio-hybrid power generation unit; 2) optimizing lab-scale upflow fixed-film anaerobic 
digestion on blackwater and food wastes; 3) studying electrocoagulation to reclaim the water; 4) 
investigating nano-filtration on potable water generation from the EC solution; 5) establishing a 
pilot scale, self-sustaining system and evaluating its performance; and 6) conducting a detailed 
technical and economic analysis on the system.   
Technical approach:  

Individual units in the integrated system was first investigated at bench scale to obtain the 
parameters for the system design and integration. Solar thermal and solar electricity approaches 
were studied to combine with methane from AD to power the entire system. An upflow fixed-
film anaerobic digestion system was studied and designed to improve the efficiency of 
blackwater and food waste treatment in terms of reducing the footprint of digester, enhancing 
solid reduction, improving biogas production, and removing pathogens. The methane gas from 
the digester was studied to be used as a biochemical storage of solar energy to compensate 
unsteady solar heat and generate more energy. Electrocoagulation as a simple, efficient electric-
chemical process was then studied to post-treat the effluent from the digester and reclaim the 
water. The electrocoagulation was designed to accommodate availability and amount of on-site 
energy sources (solar and methane energy) as well as the wastewater quality and quantity. A 
study of developing an anti-fouling nano-filtration was then conducted to turn the reclaimed 
water into potable water. Built up on the research outcomes from the studies on individual unit 
operations, a pilot scale system was then fabricated. Consequently, the system performance was 
evaluated and the detailed technical and economic analysis were conducted.     
Results:  

Two new solar thermal receivers using Fresnel lens as the collector of solar irradiation 
were concluded to be used to convert solar energy into high-quality thermal energy that is 
combined with biogas energy to efficiently and stably provide the required energy and power the 
treatment system. A high-efficiency upflow fixed-film digestion was developed to handle 
mixture of blackwater and food wastes, which had the methane productivity of 414 L/kg TS 
loading and the TS reduction of 71%. The EC unit can remove approximately 99% of the TS in 
the AD effluent, and remove the majority of total coliform. The combination of nano-filtration 
and reverse-osmosis filtration further turned the reclaimed water into clean water for potable 
uses. The technical and economic analysis further concluded that combining solar energy 
collection and biological methane generation provides sufficient and stable energy for small size 
wastewater treatment operations (fixed film anaerobic digestion, water reclamation, and nano-
filtration of water purification), and overcomes the disadvantages of individual technologies such 
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as unsteady energy flow for solar power generation, low efficiency of conventional anaerobic 
digestion, and higher energy requirement of water purification. 
Benefits:  

The research outcomes of this project clearly demonstrated a self-sustaining system that 
is not only a waste management tool but also an on-site renewable energy generation unit. 
Essentially, the technology developed by this project will advance military bases for their waste 
treatment and energy utilization, and significantly improve the sustainability of all FOBs, if fully 
deployed. In addition, the integrated solar-bio-nano concept also has a great potential to be 
applied by a wide range of waste treatment systems from agricultural wastewater to municipal 
wastewater treatment. The use of such novel technology will dramatically change the status of 
wastewater treatment. It will eventually turn the wastewater from an environmental liability into 
a public and private asset. 
  



1 
 
 

 
1. OBJECTIVES 

The wastewater treatment is a critical but expensive component for forward operating 
bases (FOBs). Development of a self-sustained and scalable wastewater treatment system is 
urgently needed to sustain the FOBs. This project integrated solar, biological, and nano 
technologies and created a novel self-sustainable and scalable wastewater management system 
that can significantly reduce the mass of wastewater, and simultaneously generate portable water 
for FOBs (Figure 1). The studied system includes four unit operations of solar-bio-hybrid energy 
generation, upflow fixed film anaerobic digestion, electrocoagulation of water reclamation, and 
nano-facilitated filtration. Combining solar energy collection and biological methane generation 
provides sufficient and stable energy for wastewater treatment operations (anaerobic digestion, 
electrocoagulation, and nano-facilitated filtration), and overcome the disadvantages of individual 
technologies such as unsteady energy flow for solar power generation, low conversion efficiency 
of mesophilic anaerobic digestion, and higher energy requirement of anaerobic/aerobic 
treatments and water purification. The integrated system creates a scalable and environmental-
/energy-sound solution to treat blackwater and food wastes at FOBs.  

 
Figure 1. Self-sustaining solar-bio-nano based waste treatment system 
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Six specific objectives were correspondingly carried out: 1) designing a novel solar-bio-

hybrid power generation unit on solar and methane energy; 2) investigating Upflow fixed film 
digestion on mixed blackwater and food wastes; 3) studying electrocoagulation to reclaim water; 
4) investigate the nano-filtration on portable water generation; 5) establish a small pilot-scale 
system and evaluate performance of the integrated system; and 6) conduct a detailed technical 
and economic analysis on the system and devise strategies toward market transition. The studied 
concept first uses the solar-bio-hybrid power generation unit to convert solar and methane energy 
into electricity and heat. The electricity is used to power pumps, grinder, centrifuge, and control 
panel in the integrated system to satisfy operational requirements. The heat is mainly used to 
maintain the temperature of the anaerobic digester to produce methane gas and reduce total 
solids. The high efficient upflow fixed film digestion significantly reduces the footprint of the 
integrated system. In addition, anaerobic digester also plays an important role of storing solar 
energy (heat) into a high heating value and steady-flow biochemical energy source – methane. A 
methane biogas storage tank serves as the fuel storage to compensate unsteady solar heat and 
generate more energy. The liquid effluent from the digester is treated by a novel 
electrocoagulation process to simultaneously clean up the bigas, and remove residual organic 
compounds to prepare reclaimed water for the filtration. An anti-fouling nano-filtration unit then 
converts the reclaimed water into potable water. The proposed research effort addresses all five 
requirements in the Statement of Need (SON) of this solicitation, and fits well with the SERDP 
goals as it will significantly reduce the process costs and environmental risks, and sustain 
military operations.   
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2. BACKGROUND 

Water is one of most important sustainment commodities on the battlefield. It has been 
reported that the largest shipment of supplies to military bases oversea has been to deliver water 
[1].  Fourteen trucks are needed to deliver bottle waters to a battalion-sized FOB (approximately 
600 soldiers) on a weekly basis [2]. It costs up to $50 per gallon water used at FOBs, most of the 
cost is attributed to secure the transportation [2]. It has been estimated that around 35 gallon 
water per soldier per day including drinking water and non-portable water are consumed [2], and 
the same amount of wastewater are generated. The wastewater management strategies are varied 
according to FOB size, general operational standards, contractor services, and location. The 
methods currently used by FOBs are burn-out latrines, chemical latrines, sewerage lagoons, 
septic system and leach fields etc. [2]. The treatment of the wastewater is a significant burden to 
all of FOBs. Thus, developing energy-neutral on-site wastewater treatment solutions to reuse the 
water is a key to sustain the FOBs.  

Anaerobic digestion (AD) is an existing natural and biological conversion process that 
has been proven effective on converting wet organic wastes into biogas capable of producing 
clean electricity while also alleviating many of the environmental concerns associated with the 
wastes. There is a wide variety of digestion configurations for treatment of different waste 
streams, such as plug-flow reactor for high solid concentration streams (animal manure), 
Continuous Stirred Tank Reactor (CSTR) for municipal sludge, and Upflow Anaerobic Sludge 
Blanket (UASB) reactor for food wastes etc. Among these digestion configurations, UASB is the 
preferred method that is able to handle dilute wastewater streams in an energy positive manner. 
UASB has unique features of less sludge production, more robustness (resistant to toxic 
compounds such as xenophobic and recalcitrant compounds), less operation and maintenance 
requirement, small space requirements, efficient Chemical Oxygen Demand (COD)/Biological 
Oxygen Demand (BOD) reduction, and potential electricity/heat generation [3-5]. Thus, 
considering the nature of wastewater available on the FOBs (less solid content, relatively low 
COD and high BOD) and the operational requirements of FOBs (scalable, efficient, and easy to 
use), UASB is one of the best fits for this particular case. However, due to the fast feeding rate, 
one of disadvantages of UASB digestion, particularly for small systems, is that more energy is 
required for heating influent and maintaining reactor temperature. It leads to a negative energy 
balance. Therefore, a secondary energy source is needed to power the UASB digestion. Solar 
energy, as one of most abundant renewable energy sources available on-site FOBs, can be an 
excellent candidate to be combined with the digestion operation.   

Several solar conversion technologies to generate electricity and heat have been 
developed in the past several decades, such as, photovoltaics, flat panel/evacuated-tube solar 
thermal collector, parabolic trough system, power tower system, dish solar system, and Fresnel 
reflector etc. [6]. Among them, flat panel/evacuated-tube solar thermal collector has been studied 
to combine with anaerobic digester to provide energy for wastewater treatment [7-11]. However, 
since the evacuated-tube solar thermal collector is not a concentrating solar collector, it is only 
capable of providing low concentration energy (up to 150°C), and the use of such energy is 
correspondingly limited to heating the digesters. Other solar conversion technologies have not 
been systematically explored on the combination with anaerobic treatment of wastewater streams 
to date. Integrating advanced solar power and AD systems leads to a novel wastewater treatment 
concept that not only is suitable for the scalable military operations such as FOBs, but also 
changes wastewater treatment operations at large from conventional sole wastewater treatment 
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systems to the future dual wastewater utilization/energy generation systems. In addition, 
anaerobic digestion in the combined solar-AD system has another important function that biogas 
generated from AD could serve as a biochemical thermal sink to store solar energy. Thus, in 
order to fully take advantages of both solar and biogas energy, a solar-bio hybrid energy 
conversion system was studied by this project to integrated concentrated solar collection and PV 
panels with anaerobic digestion to generate electricity and heat for the wastewater treatment.  

In spite of advantages of combination of solar energy collection and AD to generate 
energy and treat wastewater, the effluent from the AD still has relatively high levels of BOD, 
COD, and nutrients (nitrogen and phosphorus). It needs to be further treated in order to generate 
potable water. Physical and chemical methods such as sedimentation, flocculation, coagulation, 
ozone, and activated carbon etc. followed by reverse osmosis (RO) are often used to reclaim 
water from the effluent [12, 13]. However, additional chemicals and less efficiency of these 
methods prevent them from adoption by FOBs at large. Compared to those conventional physical 
and chemical treatment methods, electrocoagulation (EC) technology, with advantages of shorter 
retention time, better removal of smaller particles, without the addition of coagulation-inducing 
reagents, and minimum secondary chemical contamination [14], represents a superior process to 
reclaim water from various organic waste streams.  EC technology applies direct current 
electrolytic process and the flocculent separation to coagulate, precipitate, and float solids and 
pollutants. Metal electrodes in EC unit are made of iron or aluminum or other metals [15]. 
During the electrocoagulation reaction, current destabilizes electrostatically suspended solids that 
further react with cationic species from the anode metal to form precipitated or floated metal 
oxides and hydroxides [15]. EC technology has been used to treat AD effluent and other 
wastewater. It has been reported that EC process has very high efficiency to remove total solids, 
turbidity, and COD [16]. Bellebia et al demonstrated that EC can remove up to 75% and 99% of 
COD and turbidity, respectively, from paper mill effluent [17]. Mollah et al presented a 80% 
removal of total solids from slaughterhouse wastewater using EC [18]. Factors such as current 
density, retention time, initial pH, electrode distance, salt concentration, and electrode type have 
significant influences on EC performance. Among them, pH is the most important one [19-21]. 
pH during the EC process is gradually increased due to the increase of hydroxyl ions from 
cathodes. It has been reported that high pH is disadvantageous in solids and nutrients removal 
during EC [22, 23]. Controlling pH during EC process could be a simple and effective way to 
enhance the separation performance and improve energy efficiency.  On the other hand, biogas 
from AD contains several by-products such as H2S and CO2 besides the main compound of 
methane [24]. The existence of these by-products adversely influences biogas utilization for 
electricity generation since some of they are corrosive to engines and combustors. H2S is one of 
the most corrosive compounds in the biogas, which is converted into SO2 and H2SO4 damaging 
gas-handling equipment during the biogas combustion. Many efforts have been made to remove 
H2S and other by-products from biogas. Ethylenediaminetetraacetic acid (EDTA) coupled Fe3+ 
solution has been used to adsorb H2S in biogas [25]. Metal ions such as Cu2+, Zn2+ and Fe3+ were 
applied to precipitate sulfate-based compounds [26]. Activated carbon was studied to absorb H2S 
in biogas [27-29].  Other chemical abatement and biological absorption have also been reported 
as effective methods to remove H2S [30-33]. However, most of these approaches either require 
additional chemicals or need complicated systems to support, which make it economically and 
environmentally difficult to implement them. Considering both facts of biogas with relatively 
high H2S content and EC treated AD effluent with high pH and metal ion level, mixing these two 
streams could facilitate EC treatment of AD effluent and simultaneously clean up biogas. 
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The reclaimed water from aerobic treatment needs to be further treated to remove 
remained microbes and impurities (such as P, N, and Na/K ions) to generate the potable water. 
Membrane technology has been widely applied to purify water. However, the filtration efficiency 
and membrane fouling are the main obstacles that the current membrane technologies encounter. 
Recent advances in nanotechnology have demonstrated that nanomaterials can significantly 
improve the membrane performance on generating portable water from reclaimed water [34-36]. 
Therefore, combining high rate aerobic clarification and nano-filtration technology provides a 
new route to design scalable and efficient processes to remove organic and inorganic compounds 
in the effluent for portable water production.  

The newly developed nanomaterials and nanotechnology tools enable the synthesis of 
novel polymers and ceramics, as well as polymer-inorganic composites to manufacture higher 
performance membranes with increased permeability, selectivity, and resistance to fouling. A 
variety of different functional nanoparticles such as silver nanoparticles and bimetallic 
nanoparticles of Fe/Ni, Fe/Pb, and zero-valent iron have been investigated [37-44]. Fe/Ni and 
Fe/Pb biometallic nanoparticles have been incorporated into polymer-inorganic porous 
composite membranes and applied to the reductive degradation of halogenated organic solvents 
[40, 41]. Cui et al. demonstrated the silver nanowire based membrane along with carbon 
nanotubes and cotton has the capability of high speed electric sterilization of water [43]. 
However, one of key issues of using nano-membrane to purify the portable water is the 
unanticipated health effect by some nanomaterials such as nanotube and nano-metals. The toxic 
potential of engineered nanomaterials for human health and the environment has to be 
considered. Thus, this project will only use proved environmentally friendly nano-materials such 
as nano graphite to fulfill the design and fabrication of the proposed nano-filtration system.  

Self-cleaning or fouling mitigation is another challenge for membrane application in 
water purification systems. It has been reported that TiO2 nanoparticles assembled on polymeric 
membrane surface not only enhanced the pollutant degradation on the nano-membrane but also 
improved the antifouling properties of the membrane [37, 45]. In addition, the fouling mitigation 
of nano-membranes can also be ameliorated by combining nanoparticles with other 
chemical/physical processes such as ozonation [46, 47], rotating filtration [48], and  intermittent 
electric field pulses [49, 50].  Karnik et al. presented that ozonation of a lake water prior to 
filtration of nano-membrane maintained 95% of filtration permeate flux more than 16 hours 
compared to 2 hours without ozonation [47], which indicated that the ozonation significantly 
facilitated the removal of organic foulants on the membrane surface. The ozonation has 
advantages of eliminating odors, producing no toxic side products, and increasing suspended 
organic matter reduction, though, corrosive effects on steel and some oxidized polymers, and 
high energy consumption are the barriers to apply this technology on small-scale systems. 
Rotating filtration system as another anti-fouling technology has been developed as part of the 
life supporting system for space stations [48]. Lueptow et al. has reported a rotating RO unit 
(using centrifugal force to remove deposits on the membrane) that has a higher portable water 
recovery of 90% compared to 25% for typical vortex flow RO systems [51], while the rotating 
reverse osmosis system needs a complicated mechanic structure to support the rotation, and still 
has the fouling problem and requires a relatively high operational pressure (more than 500 psi) 
[52]. It has also been reported that pulsed electric discharge as a Physical Water Treatment 
(PWT) method can effectively remove deposits from the filter membrane [49, 50]. For instance, 
a plasma discharge was applied on a membrane to treat calcium and sodium ion rich wastewater, 
the pressure drop can be reduced to the initial value at the clean state of the membrane, and the 
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life span of the membrane filter was significantly extended [49]. However, high-energy 
consumption for the pulsed electric discharge limited wide applications of such technology.  
Considering the operational conditions of FOBs and the requirement of a self-cleaning and anti-
fouling scalable filtration system, combining pulsed electric discharge with either rotating or 
vortex flow nano-membrane filtration could be a solution for FOBs to enhance filtration 
efficiency, extend membrane life, and reduce energy consumption. Therefore, the effects of 
vortex flow and centrifugal force (rotating filter) on electrically discharged nano-membrane will 
be investigated by this project, and consequently a novel RO unit using safe and environmental 
friendly nano-materials will be developed to efficiently remove organic and inorganic impurities 
and produce potable water on-site of FOBs. 
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3. MATERIALS AND METHODS 
3.1 Designing a novel solar-bio-hybrid power generation unit on solar and methane energy 
3.1.1 Designing and implementing a foldable solar heat collector  
3.1.1.1 Design of a bench-scale foldable Fresnel solar thermal collector  
3.1.1.1.1 Foldable collector structure 

 A bench-scale two-module foldable Fresnel solar thermal collector has been designed and 
constructed to carry out the study (Figure 2c). A supportive platform is fixed on the bench (⑨ in 
Figure 2a &b) to support the thermal collector, which is slowly moved according to the 
topocentric azimuth angle (measure from the north vector, clockwise). In order to fold the 
collector, two mechanical actuators (model TB055 PBC Linear Co. Roscoe, IL) are used to move 
the lens, which are horizontally and vertically positioned on the platform (⑤ and ⑥ in Figure 2 a 
&b). Two rotary pivots with screw pins (for locking purpose) are installed, one is located at the 
joint of vertical and horizontal actuators, and the other is at the joint of the receiver holder and 
the supportive platform (Figure 2b). During the operation of solar thermal collection (Figure 2 
a&c), a Fresnel lens (50 grooves per inch, diameter of 18.25 inches, focal length of 24 inches, 
index of refraction of 1.49, transmittance of 0.92) is placed in the carriage of the vertical actuator 
(⑥ in Figure 2 a&b). The lens rotates according to the zenith angle (measured from vertical 
direction opposite to the apparent gravitational force). The receiver is fixed on the supportive 
platform.  

 

 
    (a)        (b) 
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(c) 

 
 (d)                                                               (e)  

 
(f) 

Figure 2. Bench-scale two-module foldable Fresnel solar thermal collector* 
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(a). CAD drawing of the solar thermal collector in working mode; (b). CAD drawing of the solar 
thermal collector in folding mode; (c). The bench-scale solar thermal collector; (d) Initial positon 
of the solar thermal collector; (e) Zenith angle and lens adjustment at mid-position; (f) 
Concentration ratio for temperature measurement. 
 *: ① Stepper motor for vertical adjustment of the lens (gearbox 15:1); ② Stepper motor for 
horizontal adjustment of the lens (gearbox 15:1); ③Stepper motor for zenith angle adjustment 
(gearbox 70:1); ④ Stepper motor for azimuth angle adjustment (gearbox 70:1); ⑤ Horizontal 
linear actuator (700 mm stroke); ⑥ Foldable vertical linear actuator (1280 mm stroke); ⑦ 
Fresnel lens (24 in focal length); ⑧ Receiver for solar radiation; ⑨ Supportive platform.   

 
 In order to align the lens towards sun and maintain the fixed focal distance between the 

Fresnel lens and receiver, three automatic movements are required: 1) the lens rotated according 
to the zenith angle; 2) the platform rotated according to azimuth angle; and 3) horizontal and 
vertical displacement movements to align the focal point into the heating surface (circular 
movement around the receiver). These movements are achieved by actuators and gearboxes. The 
actuators used for the solar collector unit have a position accuracy of less than 0.05 mm between 
repeated movements. The gearboxes with 15:1 ratio (23VL015 NEMA 23 Planetary Gearhead) 
are used to adjust horizontal and vertical displacement movements. The gearboxes with 70:1 
ratio (23VL070 NEMA 23 Planetary Gearhead) are for lens rotation and platform rotation. The 
resolutions are 0.00885 mm/step and 0.025 degree/step for linear displacement and rotation, 
respectively. In this particular study, steel plates are used as the thermal absorbers. Considering 
the shape and size of the steel plates, the receiver holder has to be adjusted to be paralleled with 
the lens. This movement is manually achieved. A nut-screw is installed on the receiver holder to 
adjust inclination of the receiver (10° to 75° respect to the horizontal level) and make it parallel 
with the lens (⑧ in Figure 2 a&b).  A protractor (Empire polycast magnetic protractor, model 
#36) with a resolution of 1° is used to measure the angle. The receiver inclination is adjusted 
each two minutes. 

 
3.1.1.1.2 Thermal absorbers for temperature profile at the focal area 

 In order to conclude temperature profile at the focal area of the collector unit, a 
thermal receiver was specially designed to collect solar radiation for this study (Figure 3). The 
receiver includes a metallic cylindrical column (65mm high and 92 mm diameter), a square 
thermal glass (size of 158x158 mm, thickness of 6.35mm, transmittance of 0.9) covering the top 
of the column (Figure 3a). Three layers (10 mm each) of Pyrogel XT (an insulation material with 
the thermal conductivity of 90 mW·m-1·K-1 at 650 °C) are placed at the bottom of the column. 
The absorbers are fixed on the top of the Pyrogel XT layers. The absorbers are mild steel plates 
with different sizes (63.5x63.5 mm (2.5x2.5 in), 50.8x50.8 mm (2x2 in), and 38.1x38.1 mm 
(1.5x1.5 in) (Figure 3c). In addition, two layers of Pyrogel XT are used to cover the side of the 
metallic column to prevent excess heat loss.  
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(a)        (b) 

 
(c) 

Figure 3. The receiver and metallic absorbers 
(a). Dimensions of the receiver (quarter size); (b). Geometric model of the receiver (one-quarter 

size); (c). Metallic absorbers with three different sizes (2.5x2.5 in, 2x2 in, and 1.5x1.5 in)  
 
3.1.1.1.3 Instruments for solar tracking 
 Four stepper motors (NEMA 23, 20000 steps per revolution in increments of 100 steps, 
24 VDC) are implemented to control linear displacement and rotation of the Fresnel lens 
collector. The stepper motors are powered by four power supplies (model PS150A24, input 120 
VAC, output 24 VDC, 150 W) via the drives (model ST5-Si-NN) that have been programed 
using the software Si Programmer™ (Figure 4). The stepper motors are connected to the drives 
using bipolar parallel connection. A hub (model SiNet-Hub 444) transmits the control signals to 
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the drives via RJ 11 connection. A RJ11-RS232 connector is used to connect the control hub to a 
computer.   

 

 

 
Figure 4. Hardware for the control system 

 
3.1.1.2 Solar tracking model and control mechanism 

An astronomical algorithm [53] was programed in Matlab® 2011a (MathWorks, Natick, 
MA) to calculate the position of the Sun (the code of the Matlab® function is in the 
supplemental material). LabVIEW 2011 (National Instruments Co, Austin, TX) was used to run 
the Matlab® function to track the position of the Sun, and also control the stepper motors to 
move the Fresnel lens solar thermal collector (Figure 5). A virtual clock provides time 
parameters to the algorithm (processes 1, 2 and 3 in Fig. 4).  

The displacement of linear actuators is calculated based on the following equations in the 
Matlab® function.  

L୦ ൌ L୦଴ െ L ൉ cos ቀα௢
ଵ െ

π

ଶ
൅θቁ      (1) 

L୴ ൌ L୴଴ െ L ൉ sin ቀα௢
ଵ െ

π

ଶ
൅θቁ      (2) 

Where L୦and L୴	are the horizontal and vertical displacement of the lens (mm), L୦଴ and 
L୴଴ are the horizontal and vertical distance from the focal point to the rotational point of the lens 
in the initial position (mm), L is the distance between the focal point and the rotational point of 
the lens, α௢

ଵ is the angle for the location of L in the initial position (rad), and θ is the 
topocentric zenith angle for sun’s position (rad) (Figure 2 d&e).  

The displacement and rotation of the lens are then converted to steps by the LabVIEW 
using the following equations to control the movement of the stepper motors 1-2 and 3-4 
(corresponding gearboxes have ratios of 1:15 and 1:70, respectively) (Figure 5).   

ܵ௛ ൌ ௛ܮ ൉
ଵ	

ோ
൉ ଵହ
ଵ
൉ ଶ଴	଴଴଴

ଵ
                      ܵ௩ ൌ ௩ܮ ൉

ଵ	

ோ
൉ ଵହ
ଵ
൉ ଶ଴	଴଴଴

ଵ
    (3) 
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ܵఏ ൌ ሺߠെߠ௢ሻ ൉
ଵ	

ଷ଺଴
൉ ଻଴
ଵ
൉ ଶ଴	଴଴଴

ଵ
                ܵఊ ൌ ሺߛെߛ௢ሻ ൉

ଵ	

ଷ଺଴
൉ ଻଴
ଵ
൉ ଶ଴	଴଴଴

ଵ
 (4) 

Where ܵ௛ and ܵ௩ are the number of steps for the motors 1 and 2 (for the horizontal and 
vertical adjustment, respectively), ܴ is the linear displacement per actuator-shaft revolution (0.04 
rev/mm), ܵఏ and ܵఊ are the number of steps for motors 3 and 4 (for the zenith and azimuth 
adjustment, respectively), ߠ௢ and ߛ௢are topocentric angles for the initial position (ߠ௢ ൌ ௢ߛ ,90° ൌ
 .are the zenith and azimuth angles for the position of the Sun ߛ and ߠ ,(0°

The speed of the stepper motors is set at 5 rev/second.  According to the sun position in 
East Lansing, MI, a filter code is included to limit the movement range of the step motors 3 and 
4, so that the movements of azimuth and zenith angles are 90° to 270° and 0° to 90°, respectively 
(process 4 in Figure 5).  

During the operation, the sequence of actions is set up as: azimuth angle rotation, 
horizontal displacement, vertical displacement, zenith angle rotation, and receiver inclination 
adjustment. SCL language is used to send commands to the motors. Acceleration and 
deceleration of the movements are set 25 rev·s-2. A delay of 1.5 seconds between the motor 
movement commands is included to avoid data saturation in the control hub. The continuous 
loop (Figure 5) is repeated each 60 seconds. The labVIEW codes for the two axis solar tracking 
system are provided in the supplemental material. 
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Figure 5. Flowchart for tracking control using LabVIEW 
 

3.1.1.3 FEM simulation of temperature profiles of the receiver 
The temperature distribution is governed by the heat diffusion equation for a steady state 

analysis: 
 
డ

డ௫
ቀడ்೔

ሺ௫,௬,௭ሻ

డ௫
ቁ ൅ డ

డ௬
ቀడ்೔

ሺ௫,௬,௭ሻ

డ௬
ቁ ൅ డ

డ௭
ቀడ்೔

ሺ௫,௬,௭ሻ

డ௭
ቁ ൌ  Ω௜     (5)	ݎ݋݂				0

 
Where ௜ܶ is the temperature for compartment Ω௜, ݅ ൌ 1…݊; and n is the number of 
compartments in the receiver. The external conditions for the boundary value include: heat 
inflow (eq. 6), outflow for convection (eq. 7), and outflow for combined convection and 
radiation (eq. 8). 

െ݇௜ ൉
డ்೔ሺ௫,௬,௭ሻ

డ௫
ቃ
୻೗
ൌ   Γ௟                                                (6)	ݎ݋݂				௢ᇱᇱݍ

െ݇௜ ൉
డ்೔ሺ௫,௬,௭ሻ

డ௫
ቃ
୻೘

ൌ ݄൫ ஶܶ െ ௜ܶሺݔ, ,ݕ  Γ௠                                 (7)	ݎ݋݂				ሻሿ୻೘൯ݖ
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െ݇௜ ൉
డ்೔ሺ௫,௬,௭ሻ

డ௫
ቃ
୻೙
ൌ ݄൫ ஶܶ െ ௜ܶሺݔ, ,ݕ ሻሿ୻೘൯ݖ ൅ ൫ߝߪ ௦ܶ௨௥

ସ െ ௜ܶሺݔ, ,ݕ ሻሿ୻೘ݖ
ସ ൯				݂ݎ݋	Γ௡                (8) 

Where ݇ is the thermal conductivity of the material ݅, ݍ௢ᇱᇱ is the heat inflow on the absorber, ݄ is 
the convection film coefficient, ஶܶ is the ambient temperature at a surface; Γ௟, Γ௠, and Γ௡are 
specific surfaces where each external boundary condition is located. For interfaces between 
compartments (perfect contact between surfaces), the temperatures must be the same, and fluxes 
crossing the interface must be equal [54]. The following equations give the internal boundary 
conditions for these cases, respectively.  

௜ܶሺݔ, ,ݕ ሻሿ୻೛ݖ 	ൌ ௜ܶ௜ሺݔ, ,ݕ   Γ௣                                               (9)	ݎ݋݂				ሻሿ୻೛ݖ

െ݇௜ ൉
డ்೔ሺ௫,௬,௭ሻ

డ௫
ቃ
୻೛
ൌ െ݇௜௜ ൉

డ்೔೔ሺ௫,௬,௭ሻ

డ௫
ቃ
୻೛
 Γ௣                                      (10)	ݎ݋݂				

Where indexes ݅ and ݅݅ are for two neighbored compartments, and  Γ௣ is the surface that the 
compartments are in contact. 

The temperature profiles of the absorbers under different concentration ratios (CR) and 
absorber areas were simulated using finite element methods (FEM). ANSYS® 14.5 (ANSYS, 
Inc. Canonsburg, PA) was used to perform the analysis. The energy input for the FEM model is 
the solar radiation values collected at East Lansing, MI. The geometric model of the receiver and 
absorbers for the FEM model is presented in Figures 3b and c. Temperature inside the receiver 
was measured and taken as the input for the simulation. The heat inflow received by the absorber 
is described as: 

௢ᇱᇱݍ ൌ ሶܳ௦௢௟௔௥ ൉ ߬௟ ൉ ߬௚ ൉ ௠ߙ ൉  ௟                                                 (11)ܣ
Where ሶܳ ௦௢௟௔௥	is the heat flux from solar radiation measure by pyranometer, ߬௟ and ߬௚ are the 
transmittance of the lens and the thermal glass, respectively,  ߙ௠ is the absorbance of the 
metallic plate, and ܣ௟ is the area of the lens. Transmittances are obtained from technical 
specifications from the metallic absorber manufacturer (߬௟ ൌ 0.92	 and	߬௚ ൌ 0.90). Absorbance 
is assumed to be equal to the emittance (߳௠) of mild steel. It has been reported that ߳௠ ranges 
from 0.3 for clean and polish surface to 0.8 for oxidized surface [55]. For this study, since the 
absorber surface is neither polished nor totally oxidized (Figure 3c), ߳௠ is set at 0.5. Other 
parameters for the FEM simulation are listed in Table 1.  

 
Table 1. Parameters used in FEM simulation 

Concentration 
ratio (CR) 

256 576 1000 

Absorber 1.5x1.5 2x2 2.5x2.5 1.5x1.5 2x2 2.5x2.5 1.5x1.5 2x2 2.5x2.5 

 ሶܳ 	Heat flow 
(W) 

11.06 11.78 11.87 10.87 11.63 11.36 10.77 11.65 11.71 

Ambient 
temperature 
(°C) 

    20     

Emissivity of 
the absorber 

0.5 

External 
convection 
(W/m2·°C) 

8 
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Inside receiver 
convection 
(W/m2·°C) 

10 

 
3.1.1.4 Data collection  

 The distance “Y” between the lens and the absorber is adjusted from the focal length of 
609.6 mm to 582.34 mm and 590.09 mm to achieve concentration ratios of 256 and 576, 
respectively (Figure 2f). Temperature at the center of the absorber was measured by a 
thermocouple type K that is connected to a CR800 Data Acquisition System (DAQ) (Campbell 
Scientific, Inc. Logan, UT). A FLIR E60 thermal camera (FLIR Systems, Boston, MA) with a 
resolution of 320 × 240 pixels and thermal sensibility of less than 0.045°C is also used to verify 
temperature profile of thermal absorbers. Solar radiation is measured using a LI 200 pyranometer 
(LI-COR, Lincoln, NE) that is also connected to the DAQ. Temperature inside the receiver 
(Figure 3) was measured using a thermocouple type K connected to a multimeter MN35 (Extech 
Instruments), which was registered manually each 10 minutes. The LabVIEW recorded the 
movement of the collector every 60 seconds.  
 
3.1.1.5 Statistical analysis  

 One-sample t-test was used to compare the measured temperature and simulated 
temperature from the FEM model. The confidence interval of the mean is set at 90%, and the 
corresponding p-value is 0.1. The t value is determined by the following equation.   

ݐ ൌ | ்ି బ்
ೞ
√೙

|                                                                       (12) 

Where t is the t-value, T0 is the simulated temperature, ܶ is the average temperature 
from multiple measurements. s is the sample standard deviation of the temperature 
measurements. n is the number of measurements.  
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3.1.2 Designing new small-scale solar thermal receivers (quarterly report, 10/2015 7/2015, 

1/2016, 7/2016) 
Two new receiver designs consisting of cavity and conical solar thermal absorbers were 

designed for small-scale solar thermal collection (Figure 6). Transferring thermal energy in 
small-scale systems is always accompanied by the issue of how to use a small heat transfer area 
to heat a relatively large amount of working fluid to the targeted temperature. In addition, energy 
loss to the ambient environment is another problem that significantly reduces the thermal 
efficiency of such receiver units. In order to address these issues, the objective is to increase the 
contact time of the working fluid with the heat source to overcome the disadvantage of the small 
heat transfer area, and to apply a vacuum to reduce heat losses significantly, so that the thermal 
efficiency of small solar receivers can be significantly improved. 

Based on this idea, the new receivers were housed in a vacuum chamber with a quartz 
thermal-glass (Novatec 825F, with a thickness of 9.525 mm (0.375 in)) at the top, a heat 
exchanger sitting in the vacuum chamber, and thermal insulation (Pyrogel XT) to cover the 
entire chamber. The vacuum chamber was sealed with O-rings (Parker S455-70) to maintain the 
inner pressure at -0.84 bar abs (25 inHg). 

In order to address the issue of a small transfer area, the contact time of the working fluid 
with the absorber of the receiver needs to be extended. The conical absorber has a single fluid 
path so that the working fluid enters the absorber from its bottom and leaves from its top (Figure 
7a). Since the conical shape of the absorber provides an effective heat transfer area, the heat 
transfer area is significantly increased. The cavity absorber has a spiral cave in the receiver. The 
working fluid pumping through the cavity absorber has multiple flow paths. The residence time 
of the working fluid is also increased. In the spiral cavity, the working fluid enters the absorber 
from the bottom of the chamber, reaches the center of the heating area, rotates in the spiral shape, 
and exits at one side of the receiver. During the process, the working fluid needs to travel along 
several parallel paths to extend the residence time and improve the efficiency.  

 

 
(a)                                                                         (b) 

 
Figure 6. Solar receivers: (a) with conical absorber; (b) with cavity absorber 
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(a)                                                                  (b) 

Figure 7. Heat absorbers: (a) conical absorber; (b) cavity absorber 
 
The geometric characteristics of both absorbers are listed in Table 2. The inner volumes 

of the conical and cavity absorbers (single flow path and multiple flow paths) were 16,527 mm3 
and 229,645 mm3, respectively. For volumetric flows of 11,507 mm3/s and 5,753 mm3/s, the 
residence times for the conical absorber were 1.44 s and 2.88 s, respectively; while those for the 
cavity absorber were 19.96 s and 39.92 s, respectively. The dimensions of the two receivers are 
shown in Figure 8. The receiver size was selected based on a solar collection area of 1 m2. A 
refractive Fresnel lens was used as the solar thermal concentrator for this study.  

 
Table 2. Design parameters for the absorbers 

Receiver type 
Fluid contact 
area (mm2) 

Volume 
(mm3) 

Fluid 
volumetric 

flow (mm3/s) 

Residence 
time (s) 

Conical 
absorber 

11,426 16,527 
11,507 1.44 

5,753 2.88 

Cavity 
absorber 

59,001 229,645 
11,507 19.96 

5,753 39.92 
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(a) 
 

 (b) 
 

Figure 8. Dimensions of the solar receivers (in mm): (a) with conical absorber; (b) with cavity 
absorber 

  
Based on the design, the solar receivers were installed on the aluminum frame, moved by 

a gearbox connected to brushless motors (Figure 9). Tracking system consists of a control 
module, with the NREL solar position algorithm, power supply, two drivers, and magnetic limit 
switches for position control. The resolution of movement is given by: 

ݎ ൌ
360

ܲ ൉ ܴଵ ൉ ܴଶ
	

Where ݎ is the resolution of the azimuth and zenith angles (degree), P is the number of 
pulses per revolution,  ܴଵ (1:236) and ܴଶ (1:62) are the reduction ratio of the planetary gears and 
worm gear, respectively. The receiver and lens configuration can be adjusted with a resolution of 
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±0.012° for altitude and zenithal position. This resolution permits, with an interval of movement 
of 30 seconds, an accurate position of the lens to concentrate the sun radiation in the heating 
surface (concentration ratio of 500). 

 

  
 (a)    (b) 

      
(c)      (d) 

Figure 9. Solar receivers with conical absorber and cavity absorber. (a) Conical absorber; (b) Solar 
receiver with conical absorber in action; (c) cavity absorber; (d) Solar receiver with cavity absorber 
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3.1.3 Comparison of Brayton and Rankine cycles for small-scale solar-bio-hybrid power 

generation at different locations 
 

In order to develop small-scale solar–bio hybrid power generation, 30 kW power 
generation systems, including three unit operations consisting of AD, solar thermal collector, and 
engines were comprehensively analyzed in this paper. Biomethane from anaerobic digestion and 
thermal energy from solar collection were used as the energy sources to power engines to 
generate electricity and heat. Gas and steam turbines as engine units were compared to determine 
the most suitable for the studied solar–bio hybrid system. The net capacity factor (the ratio of the 
energy output to the total energy generation of the system in a given time duration) and solar and 
biogas utilization factors (the percentage of each energy source used to generate the electrical 
energy) were used as parameters to evaluate the energy generation and optimize the system 
configuration. 

Thermodynamic models were established to analyze the solar–bio hybrid systems 
consisting of gas and steam turbines (Figure 10). The biomethane production for the studied 
systems was based on a biomethane plant using thermophilic anaerobic digestion on a mixture 
feed of dairy manure and food wastes (90:10 ratio, 5% total solids) [56]. The anaerobic digestion 
with a culture temperature of 50 °C and a hydraulic retention time (HRT) of 20 days produced 
0.38 m3 methane per m3 digestion solution per day (the low heating value of methane is 34 
MJ/m3 [57]). The steam turbine includes a condenser to recycle the water in a closed-loop circuit 
(Figure 10a). The gas turbine uses a regenerator to transfer energy from the exhaust gases into 
the compressed air in an open-loop air circuit (Figure 10c). Both systems contain water heat 
storage to collect energy from the thermodynamic cycle for the heat demand of the anaerobic 
digester (to maintain the digestion temperature and heat the influent). The solar–bio hybrid 
power generation systems (which include a secondary heat source of solar energy) have slightly 
more complicated configurations than the turbine power generation systems. Molten salt is used 
as the solar thermal storage [58].  
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(a)                                                                                 (b) 
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(c)                                                                                 (d) 

Figure 10. Schematics of the studied solar–bio hybrid power generation systems* 
*: (a) the biomethane steam turbine; (b) the solar–bio hybrid power system with steam turbine; (c) 
the biomethane gas turbine; (d) the solar–bio hybrid power system with gas turbine. 
 

In the solar–bio hybrid system with steam turbine, a heat exchanger was implemented to 
use the heat from the solar thermal storage to heat the working fluid prior to entering the 
biomethane boiler. The boiler further heats the working fluid to generate superheated steam to 
power the steam turbine (Figure 10b). The solar–bio hybrid system with gas turbine uses the heat 
from the solar thermal storage to raise the temperature of the hot air from the regenerator in the 
heat exchanger. This is done before the air is mixed with biomethane fuel in the burner to 
generate heat for the gas turbine (Figure 10d). The analyses were based on a constant electricity 
generation of 30 kW for all studied systems. The operational parameters of the thermodynamic 
models are listed in Table 3.  

 
Table 3. Operational parameters of 30 kW steam and gas turbines* 

System Parameter Unit Value 

Steam turbine (30 kW) 

Water mass flow kg/s 0.0807 

Steam inlet pressure (turbine) bar 10 

Condenser pressure bar 0.2 

Steam inlet temperature (turbine) °C 200 

Gas turbine (30 kW) 

Air mass flow kg/s 0.31 

Air inlet temperature (turbine)  K 1,113 

Compression ratio - 3.2 
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Air inlet temperature (compressor)  K 300 

Air temperature after expansion  K 912 

*: The parameters are from commercial steam and gas engines [59, 60]. 
 
The Rankine cycle was used to simulate the performance of the biomethane steam 

turbine. The working fluid consisting of water is pumped into the boiler that is maintained at 
constant pressure (Figure 10a and b). The power consumption of the pump and the enthalpies at 
points 2 and 4 in Figure 10 a and b are calculated by 

௉ݓ ൌ ఐݒ ൉ ሺ ௜ܲെ ௢ܲሻ ൉  ௣       (13)ߟ/100
݄ଶ ൌ ݄ଵ ൅  ௉          (14)ݓ

்݄ ൌ ݄ଷ െ
ௐೞ

௠ሶ ಹమೀ
        (15) 

where ݓ௉ is the pump work (kJ/kgwater); ߟ௣ is the pump efficiency (set at 0.65); ݒఐ is the 
specific volume (m3/kg); ௜ܲ and ௢ܲ are the inlet and outlet pressures in the turbine; ݄ is the 
enthalpy at given temperature and pressure conditions (kJ/kgwater); ௦ܹ is the gross power 
generated (shaft work (30 kW), pump power (ݓ௉ ൉ ሶ݉ ுమை), and vacuum pump (0.5 kW)); and 
ሶ݉ ுమை is the steam requirement (0.0807 kg/s). The fuel efficiency of the system is calculated 

based on the fluid properties at the inlets and outlets of the turbine and pump: 

ிߟ ൌ
ሺ௛యି௛రೌሻ

ሺ௛యି௛మሻ
         (16) 

where ሺ݄ଷ െ ݄ସୟሻ is the work performed in the turbine (kJ/kgwater). The enthalpy at 
condenser conditions (݄ସ) is calculated considering an isentropic turbine efficiency. To satisfy 
the required temperature and pressure of the feedwater for the selected 30 kW steam engine, the 
heat input ܳி and the heat extracted ܳு of the system are calculated as follows: 

ܳி ൌ
௠ሶ ಹమೀ൉ሺ௛యି௛మሻ

ఎ್
        (17) 

ܳு ൌ ሶ݉ ுమை ൉ ሺ݄ସ െ ݄ଵሻ ൉  ௖       (18)ߟ
where ߟ௕ is boiler efficiency (set at 0.85); and ߟ௖ is the condenser efficiency (heat sink) 

(set at 0.85). The simulation results for the steam turbine are presented in Table 4. The enthalpies 
at points 1, 2, and 3 (Figure 10) were 243.03 kJ/kgwater, 244.57 kJ/kgwater, and 2828.3 kJ/kgwater, 
respectively (Table 3). The temperatures at points 2 and 4a were 58.23 °C and 103.54 °C, 
respectively. The corresponding heat input and heat extraction were 245.33 kW and 134.61 kW, 
respectively. The thermal efficiency calculated for this particular equipment under the working 
parameters showed that 14.69% of the biomethane fuel was transformed into shaft work for 
electricity generation, and 54.87% of the biomethane fuel was turned into heat. 

 
Table 4. Simulation results of a 30 kW steam turbine 

Parameter Unit Simulation results 

௢ܲ bar abs 0.2 

 ௉ kJ/kgwater 1.53ݓ
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݄ଵ kJ/kgwater 243.03 

݄ଶ kJ/kgwater 244.57 

ଵܶ  °C 58.06 

ଶܶ °C 58.23 

݄ଷ kJ/kgwater 2,828.30 

݄ସ kJ/kgwater 2,205.2 

ସܶ °C 60.06 

 0.1469 - ்ߟ

ܳி kW 245.33 

ܳு kW 134.61 

 
In the solar–bio hybrid steam power system (Figure 10b), the solar thermal energy 

reduces the amount of heat required by the boiler, and consequently decreases the biomethane 
consumption. The solar thermal energy (ܳ௦௢௟௔௥) heats the water and generates a mixture of 
saturated steam and liquid at 99.60 °C. The boiler then converts the rest of the liquid into 
saturated steam and superheats the steam to satisfy the required temperature and pressure by the 
turbine (200 °C at 10 bar abs). The enthalpy of the mixture after the solar heating is: 

݄ଶ௔ ൌ
ொೞ೚೗ೌೝ
௠ሶ ಹమೀ

൅݄ଶ        (19) 

The heat added in the boiler (only required if ܳ௦௢௟௔௥ is lower than ܳி) is calculated by  

ܳ௕௦ ൌ
௠ሶ ಹమೀ൉ሺ௛యି௛మೌሻ

ఎ್
                 (20) 

where ߟ௕ is the boiler efficiency. As for the gas turbine, the Brayton cycle was used to 
simulate the turbine performance. The temperature ( ଶܶ

ீ) after the compressor (point 2 in Figure 
10 c and d) was calculated by  

ଶܶ
ீ ൌ ଵܶ

ீ ൉ ቆ1 ൅ ଵ

ఌ೎
൉ ሺݎ௉

ఈ െ 1ሻቇ      (21) 

ߙ ൌ ఊିଵ

ఊ
         (22) 

where ݎ௣ is the pressure ratio between the inlet and outlet in the compressor; ߙ is a 
constant; ߛ is the ratio between the specific heat at constant pressure and the specific heat at 
constant volume; and ߝ௖ is the compressor efficiency (ߝ௖ ൌ 0.82ሻ. The temperature after the 
regenerator (Point X in Figure 10 c and d) is given by 

௫ܶ
ீ ൌ ସܶ

ீ ൉ ோߝ ൅ ଶܶ
ீ ൉ ሺ1 െ  ோሻ      (23)ߝ

where ߝோ is the regenerator efficiency (ߝோ ൌ 0.78). The heat input to the burner (ܳி
ீ) is 

calculated by 
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ܳி
ீ ൌ ሶ݉ ௔௜௥ ൉

஼௣య൉൫ య்
ಸି்ೣಸ൯

ఌಹ಴
       (24) 

where ݌ܥଷ is the specific heat at య்
ಸା்ೣಸ

ଶ
 [kJ/kg·K]; and ߝு஼ is the burner efficiency (ߝு஼ ൌ

0.98). The temperature of the exhaust gases after the regenerator (Point Y in Figure 10 c and d) 
is given by  

௬ܶ
ீ ൌ ଶܶ

ீ ൉ ோߝ ൅ ସܶ
ீ ൉ ሺ1 െ  ோሻ      (25)ߝ

The fuel efficiency for the gas turbine is: 

ிߟ
ீ ൌ ௐೞ

ொಷ
ಸ         (26) 

The heat extracted from the exhaust gases (ܳு
ீ) is calculated by 

ܳு
ீ ൌ ሶ݉ ௔௜௥ ൉ ଷ௔݌ܥ ൉ ൫ ௬ܶ

ீ െ ிܶ
ீ൯ ൉  ௅      (27)ߝ

where ݌ܥଷ௔ is the specific heat at ೤்
ಸା భ்

ಸ

ଶ
 [kJ/kg·K]; ிܶ

ீ  is the temperature of the exhaust 

gases (assumed as 85 °C); and ߝ௅ is the efficiency of the heat exchanger and set at 0.75. 
The simulation results for the gas turbine analysis are listed in Table 5. For a constant air 

inlet temperature, the heat input and heat extracted was 109.83 kW and 45.50 kW, respectively. 
The compression increased the air temperature from 300 K at point 1 to 444.58 K at point 2. The 
regenerator further increased the air temperature to 806.83 K at point X before the air was mixed 
with biomethane in the burner. The gas turbine unit uses 27.32% of the biomethane for the shaft 
work of electricity generation, and 41.43% of the biomethane to generate heat.  

 
Table 5. Operational parameters of a 30 kW gas turbine 

Parameter Unit Simulation results 

ிߟ
ீ - 0.273 

ଶܶ
ீ  K 444.5 

௫ܶ
ீ  K 806.83 

௬ܶ
ீ  K 549.75 

ܳி
ீ kW 109.83 

ܳு
ீ kW 45.50 

 
With the addition of solar thermal energy (Figure 10 d), the heat demand of the 

biomethane burner is also reduced. The temperature after the solar collector is calculated as 
follows: 

௦ܶ
ீ ൌ ௫ܶ

ீ ൅ ொೞ೚೗ೌೝ
௠ሶ ೌ೔ೝ൉஼௣మೌ

        (28) 

where ݌ܥଶ௔ is the specific heat at 
்ೣಸା య்

ಸ

ଶ
 [kJ/kg·K]. In addition, due to seasonal and 

geographical variation of solar radiation, the location of the studied systems has a great impact 
on their performance. The direct normal irradiance (DNI) and ambient temperature decrease with 
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an increase in latitude. Therefore, the two locations of Lansing (MI) and Phoenix (AZ) in the 
United States, which have significant temperature differences and solar radiation, were selected 
for this study. Figure 11 represents solar radiation and ambient temperature during a year for 
both locations [61, 62].  

 

 
Figure 11. Monthly average temperature and DNI for Lansing and Phoenix 
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3.2 Optimizing lab-scale upflow fixed-film anaerobic digestion on blackwater and food 
wastes 

3.2.1 Designing and implementing a lab-scale upflow fixed-film anaerobic digestion 
Due to the relatively dilute waste stream, an upflow fixed film type digester using plastic 

Pall rings as supportive medium was applied (Figure 12). The main body of the digester is made 
of 3” OD clear PVC pipe; each digester has 1 L of working volume for liquid digestate and 
approximately 0.5 L of headspace for biogas. The plastic Pall rings (1 inch diameter) were 
introduced to prevent the accumulation of foam formed during digestion as well as to increase 
the surface area for anaerobic microbes to attach and grow. The biogas produced is exported 
through an outlet on the top of the digester. A water-displacement gas meter is used to measure 
biogas daily production. Given the small working volume, the bench scale digester is fed 
manually once or twice per day, depending on the hydraulic retention time (HRT). 

 
                                      (a)                                                                      (b) 
 

 

Biogas 

   

 
 

Water‐displacement 
gas meter 
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(c) 
Figure 12. Upflow fixed film anaerobic digester system 

(a) Flow diagram of the fixed film anaerobic digestion system. (b) The digester with Pall rings. 
(c) The fixed film digesters 

 
3.2.2  Evaluating the anaerobic digestion on mixed feedstock 

In order to optimize anaerobic digestion of food waste and domestic wastewater, and 
maximize solid reduction and biogas production, the effects of feedstock concentration, 
hydraulic retention time (HRT), and temperature were investigated by a completely randomized 
design (CRD).  Given the high oil content and low buffer capacity of the food waste, three 
feedstock concentrations of 1, 3 and 5% total solids (TS) were studied in this research. 
Compared to other anaerobic digester design, the upflow fixed film system principally requires 
shorter HRT because of the accumulation of microbes in the digester, therefore, three short 
HRTs of 4, 6 and 8 days were chosen for this experiment. In addition, temperature has a big 
impact on AD. Two culture temperatures of 35°C (mesophilic) and 50°C (thermophilic) were 
studied as well in this task.  
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3.3 Studying electrocoagulation to reclaim water 
3.3.1 Studying the effects of electrocoagulation on the AD effluent treatment 
3.3.1.1 Preparation of the liquid AD effluent 

AD effluent was obtained from a commercial anaerobic digester in the Anaerobic 
Digestion Research and Education Center (ADREC) at Michigan State University (MSU). The 
AD effluent was first filtered with a 200-mesh sieve to remove large-sized chunks. The filtrate 
was collected and then diluted with water to an initial total solid (TS) of approximately 1% 
(w/w). The diluted filtrate as the liquid AD effluent for this study was collected and stored at 4 
°C. The characteristics of the liquid AD effluent were listed in Table 6.  

 
Table 6 Characteristics of AD liquid effluent 

Parameters Value 
pH 7.5-8.0 

TS (w/w %) 0.90±0.03a 
TSS (mg L-1) 4125b 
TDS (mg L-1) 2035b 
TOC (mg L-1) 2332b 

Color absorbance (527.5 nm) 0.718b 
Conductivity (μs cm-1) 4740.7b 

COD (mg L-1) 9140±140a 
TP (mg L-1) 340±17.3a 
TN (mg L-1) 1233±101a 

a: Data represent the average of three replicates with standard deviation. 
b: Data represent the average of two replicates. 
 
3.3.1.2 Experimental setup 

A combined EC and biogas pumping unit was established to carry out the study. The 
liquid AD effluent was first treated by an EC, the liquid portion from the 1st EC treatment was 
separated and bubbled by raw biogas, and then a 2nd EC was applied on the biogas treated liquid 
to reclaim the water (Figure 13). Another combined EC process without biogas pumping was 
also conducted as the control. 
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(a) 

                               

 
(b) 
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(c) 

Figure 13 Demonstration of EC treatment and biogas pumping process. 
(a) Flowchart of EC and biogas pumping process. (b) Schematic of the EC unit. (c) Schematic 

of the biogas pumping unit 
 

3.3.1.3 EC setup and operation 
DC power supply (XPOWER™ 30V 3A) was selected to provide electricity. Two pairs 

of steel CRS 1018 were used as electrodes for both anodes and cathodes (Figure 13(b)). Three 
different effective electrode surface areas of 62 cm2, 134 cm2 and 210 cm2 were tested.  
Rectangular glass containers (effective volume of 500 mL) were adopted as reactors. PVC 
holders were placed on the top of the beakers to hold electrodes in the reactors with 1 cm 
distance between electrodes. The electrodes were connected with power supply and with each 
other in parallel pattern.  

Five hundred milliliter of the liquid AD effluent was used for individual EC runs. 
Voltage and power consumption were monitored throughout EC operation via a Kill A Watt ™ 
power monitor. The pH was also measured with Fisher ™ Scientific pH meter. The EC treated 
liquid was separated into three phases of top foaming layer, middle supernatant, and bottom solid 
layer. Post-EC treatments described as follow were conducted differently for 1st EC and 2nd EC. 
Post 1st EC treatment: Three layers were clearly separated after the 1st EC treatment. The middle 
part was siphoned out and stored at 4 °C.   

Post 2nd EC treatment: Since the middle supernatant was overlapped with the thicker top 
foaming layer and bottom solid layer, a mixing and settling process was applied after the 2nd EC. 
After 30 min settlement, the clear supernatant was collected for nutrient analysis and removal 
efficiency evaluation. 
 
3.3.1.4 Biogas pumping setup and operation 

500 ml of collected supernatant (middle part) from the 1st EC was used as the solution. 
Raw biogas was bubbled into the solution via a pump (Gast™), and the flow rate was controlled 
at 1 vvm (volume gas/volume treated liquid/minutes, the corresponding flow is 0.5 L/min) by an 
air flow meter from VWR ™.  The gas flow correction factor of the air flow meter to measure 
biogas flow is 1.0067, which is calculated based on the specific biogas gravity (1.011) at the 
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operational conditions of 35°C and 5 inches water pressure. A gas outlet on the top of the bottle 
and a luer-lock 12’’ gauge 20 needle submerged in the solution were installed for releasing 
biogas and taking biogas and liquid samples, respectively (Figure 13(c)). Bubble size was around 
1 mm of diameter (based on the observation from pumping the biogas into the tap water). Liquid 
samples were taken every 10 min for pH measurement. Airbags were used to take gas samples. 
H2S concentrations in the original biogas and treated biogas were monitored during the pumping 
process. 

 
3.3.1.5 Experimental design 

A complete random design (CRD) was applied to optimize the 1st EC treatment. Three 
factors of current strength (I), retention time (RT), and electrode surface area (SA) were studied 
to conclude removal efficiencies of TS, COD and turbidity. Three levels of individual factors 
were tested: 0.5A, 1A, and 2A for I; 20, 40, and 60 min for RT; and 62, 134, and 210 cm2 (A, B, 
C) for SA.  

For the 2nd EC treatment, a CRD was again used to study the effects of the experimental 
conditions on water reclamation. Three levels of I (0.5A, 1A, and 2A) and two levels of RT (20 
and 40 minutes) with a fixed SR of 62 cm2 were tested; TS, COD, TP, and TN were measured to 
evaluate the performance of the 2nd EC.  
 
3.3.1.6 Mass balance analysis 

In order to evaluate the performance of the studied EC processes, mass balance on total 
iron, total nitrogen, total phosphorus, sulfur, and water was conducted on the preferred 
conditions of the EC processes with biogas pumping (BP) and no biogas pumping (NBP). Since 
water reclamation is a target of this study, liquid recovery was used to present how much water 
can be reclaimed by the preferred processes. The liquid recovery is defined as: liquid recovery 
(%) = volume of the reclaimed water after the treatment (ml) / volume of the original solution 
before the treatment (ml) x 100%.  
 
3.3.1.7 Analytical methods 

TS content was measured according to the dry weight method. COD, total  phosphorus 
(TP) and total nitrogen (TN) were analyzed via HACH ™ standard methods [63]. Turbidity was 
measured by the EPA standard method [64]. The total iron concentration was analyzed by 
HACH™ standard metal prep set TNT™ 890. The sulfide ion concentration in the solution was 
tested by USEPA 4500-S2-D Methylyne Blue Method using a standard kit from HACH™. Ionic 
conductivities of liquid samples were measured using conductivity probe (Vernier Software & 
Technology, US). Total carbon (TC) and inorganic carbon (IC) were measured by a Shimadzu 
TOC-VCPN Total Organic Carbon Analyzer (Columbia, MD, USA). Total organic carbon 
(TOC) was calculated using TC to subtract IC. Total suspended solid (TSS) and total dissolved 
solid (TDS) were analyzed based on the following procedure: The solution was naturally settled 
for 30 min; Specific volume for different solution (25 mL for EC treated effluent and 10 mL for 
AD effluent) was filtered through a glass fiber filter with pore size of 0.7 µm and diameter of 25 
mm (EMD Millipore, Germany); Filtrate and retained solid on the filter were then dried at 105°C 
overnight to obtain TSS and TDS, respectively. The color of lipid samples (AD effluent and EC 
treated water) was measured at the wavelength of 527.5 nm that was the representative visible 
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wavelength for the effluents obtained from a light absorbance profiling test on Shimadzu UV-
1800 spectrophotometer (Fig. S5).   

Methane (CH4), carbon dioxide (CO2), and hydrogen sulfide (H2S) contents in the biogas 
samples were measured using an SRI 8610C gas chromatography system. Hydrogen (H2) and 
Helium (He) were used as a carrier gas with pressure set at 21 psi. The system was equipped with 
a thermal conductivity detector and kept at a constant temperature of 150 °C. The injection 
volume was 5 mL with 100 µL used for analysis.  Ammonia (NH3) and other trace gas 
components were identified using Agilent 6890/5973 GC/MS and CTC Combi PAL at the 
Michigan State University Mass Spectrometry and Metabolomics Core Facility. 100 µL gas 
sample with split ratio of 100:1 was injected into Agilent GS-GasPro® column (30 m, 0.32 mm, 
7 inch cage). The separation of gas compounds was achieved using the temperature profile: 40°C 
for 2.8 min, 40°C min-1 to 260°C, and 260°C for 5 min. Gas compounds were identified by 
comparing their m/z values with the ChemStation database. 

 
3.3.1.8 Statistical analysis 

General linear model (GLM) analysis using the Statistical Analysis System program 9.3 
(SAS Institute, Inc. Cary, NC) was conducted to investigate the effect of reaction conditions on 
EC. I, RT, and SA were taken as parameters. Analysis of variance (ANOVA) and pair-wise 
comparisons were used to interpret the data and draw conclusions. 
 
3.3.2 Designing and implementing a bench-scale electrocoagulation unit 

Based on the lab-scale experiments, a 40 L bench-scale EC reactor was designed and 
implemented for evaluation of EC treatment on AD effluent, which would provide valuable data 
for further scale up to deal with large quantity of AD effluent.  

The EC vessel dimension is demonstrated in Figure 14. The flange cap is a 24” diameter 
by 1” thick cylinder cut out of 48” x 48” schedule 40 PVC sheet and secured to a flanged base. 
The flange base has an outer 24” diameter by 1” thick cut-out and has an additional center cut 
out of 18.7” that fits flush with the inside of standard 20” schedule 40 PVC pipe. The adjacent 
20” diameter circle in the cap is sunk 0.50” into the 1” thick disk which fit flush around body of 
40” long 20” diameter schedule 40 PVC pipe. The bench-scale EC reactor was presented in 
Figure 15.  
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Figure 14. Overview of design for EC vessel 

 

 
(a)         (b) 

Figure 15. The bench-scale EC unit 
(a). The pilot EC unit; (b). The cathodes of the unit 
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3.4 Investigating nano-filtration on potable water generation from the EC solution  
3.4.1 EC solution 

AD effluent was obtained from a 2500 m3 completely stirred tank reactor (CSTR) in the 
Anaerobic Digestion Research and Education Center (ADREC) at Michigan State University. A 
two-stage EC treatment was then carried out as described in a previous study [65].  Current level 
of 2A was applied to two sets of electrodes with anodic surface area of 62 cm2, effective volume 
of 0.5 L and retention time of 60 minutes. The middle layer with relatively less turbidity was 
siphoned out as the feed for the second stage of EC, which applied same electricity conditions 
for another 40 minutes. Solutions were centrifuged at 236 g for 10 minutes before being used for 
the membrane filtration experiments. 

The TS measurement was done using the dry weight method. COD, TN and TP 
measurements were done using HACHTM standards methods [66]. Total Carbon (TC) and 
Inorganic Carbon (IC) were measured using Shimadzu TOC-VCPN Total Organic Carbon 
Analyzer (Columbia, MD, US). Total Organic Carbon (TOC) was measured by subtracting the 
IC value from TC.  
 
3.4.2 Preparing the membranes using layer-by-layer technique 
3.4.2.1 Materials and filtration set-up 

Poly(diallyl dimethyl ammonium chloride) (PDAC) (MW 100,000-200,000, 20 wt% in 
water), poly(styrene sulfonic acid sodium salt) (SPS) (MW 70,000), poly(allylamine 
hydrochloride) (PAH) (MW 900,000) and poly(acrylic acid sodium salt) (PAA) (MW 15,000, 35 
wt% in water) were purchased from Sigma Aldrich. 2-(N-Morpholino) ethanesulfonic acid 
(MES) Buffer was also purchased from Sigma Aldrich. N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC) was from Fisher Scientific. Sodium chloride and 
potassium chloride crystals were procured from Avantor Performance Chemicals (Center Valley, 
PA). Three commercial membranes, NF 270, NF 90 and BW 30 from Dow Filmtec (Midland, 
MI) were used as the base membranes for this study. Among them, NF 270 and NF 90 are 
nanofiltration membranes, and BW 30 is a reverse osmosis membrane. All aqueous solutions 
were prepared using deionized (DI) water (>18.2 MΩ) supplied by a Barnstead Nanopure 
Diamond-UV purification unit equipped with a UV source and a final 0.2 µm filter. Unless 
specified all procedures were carried out at room temperature.  

The HP 4750 stirred dead end cell (Sterlitech, Kent, WA) was connected to a nitrogen 
cylinder which acted as the pressure reservoir. The net volumetric capacity of the setup was 
around 300 ml. The unit was placed on a magnetic stirring plate.  The filtrate was collected in a 
measuring cylinder. The flux was measured by the volume of water collected over a certain 
period of time. The effective membrane area for this setup was 14.6 cm2.  

 
3.4.2.2 Preparation of polyelectrolyte solutions and LbL assembly technique 

Membrane preparation: The bare NF 270 membranes were stored in DI water prior to 
the LbL deposition. The permeate sides of the membranes were covered to prevent deposition of 
polyelectrolytes. The LbL deposition process was carried out using a Carl Zeiss Slide Stainer 
which employs a robotic arm to move the sample to different solution baths. For all 
polyelectrolytes, the concentration was maintained at 10 mM. PDAC and SPS were prepared in 
0.5M NaCl solution. For the PAH/PAA multilayer assembly, the pH of PAH and PAA were 
adjusted to 8.5 and 3.5, respectively, using 1M HCl/1M NaOH. The dipping time in each 
polyelectrolyte solution was set to 10 mins. After each polyelectrolyte dipping step, the 
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substrates were rinsed with DI water three times consecutively (2 mins, 2 mins and 1 min). 
Following the deposition of one complete bilayer, the sample was sonicated for 2 mins in an 
ultrasonicator bath. The procedure was repeated till the desired number of bilayers was 
deposited. After LbL deposition, the membranes were soaked overnight in DI water.   

Crosslinking of PAH and PAA with EDC: The EDC solution was prepared in a 50 mM 
MES Buffer solution at a concentration of 50 mg/ml and pH of 5.5. Following the deposition of 
PAH/PAA multilayers on the membrane surface using the aforementioned LbL protocol, the 
modified membrane was dipped in the EDC solution using the slide stainer for 60 minutes under 
continuous agitation. In order to remove the excess EDC, the samples were rinsed with DI water 
thrice for 15 minutes each time, followed by 5 minutes of sonication. 

Dead end filtration protocol: The membranes were stored in DI water at least for 12 
hours prior to usage. All membranes were first compacted by running pure DI water across them 
at a pressure of 10 bar. After two hours of compaction, the flux reached a steady state and was 
gravimetrically measured. Prior to using the wastewater, the latter was pre-filtered using a 0.22 
µm Millipore filter. The pre-filtered wastewater was then filtered through the membranes under a 
pressure of 5 bar till the permeate volume reached 50 ml. The solution flux was calculated based 
on the time taken to filter 50 ml permeate across the membrane. 

 
3.4.2.3 Membrane characterization 

Measurement of streaming potential: The surface charge of the membranes were 
measured using the Brookhaven EKA Electro-kinetic analyzer (BI-EKA, Brookhaven Instrument 
Corp., Holtsville, NY) equipped with a rectangular cell and a clamp cell. A poly (methyl 
methacrylate) (PMMA) substrate was used as the reference. All streaming potential 
measurements were carried out by using 1mM potassium chloride (KCl) as the electrolyte. The 
bypass lines and the cell were rinsed with KCl solution after being rinsed with DI water several 
times. At least three replicates were used for each of the membranes that were tested for 
streaming potential. In order to measure the membrane surface charge as a function of pH, the 
streaming potential tests were carried out with KCl solution at three different pH conditions (3, 7 
and 9). The system was thoroughly rinsed with DI water between different pH conditions. 

Measurement of thickness: The thickness of the PEM films was measured using a 
Dektak surface Profiler. Both types of PEM films were deposited on glass slides for the 
measurement. In order to reconfirm the values obtained from the profilometry tests, we used the 
J.A Woollam M-44 Ellipsometer. The PEM films were deposited on gold coated glass slides 
(VWR International, US). Prior to the LbL deposition, the gold-coated glass slides as well as the 
plain glass slides were treated with O2 plasma for 20 minutes using a Harrick plasma cleaner 
(Harrick Scientific Corporation, Broading Ossining, NY) at 30 W RF power under 100 millitorr 
vacuum pressure. Immediately after the plasma treatment, the substrates were put in the slide 
stainer for the LbL surface modification, following the same protocol as described earlier. The 
model for generic films was used for the ellipsometry measurements, assuming a refractive index 
of 1.5. The thickness was determined along several spots on the substrate and at least three 
replicates of each type of PEM film were used to get an average value.  
 
3.4.2.4 Membrane characterization 

Student t-test, using a comparison-wise type I error of 0.05, was applied on the 
experimental data to compute significant differences between membranes regarding COD 
reduction and membrane permeability.   
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3.5 Establishing a small pilot-scale, self-sustaining system 
The pilot-scale system was designed and implemented at the MSU Anaerobic Digestion 

Research and Education Center (ADREC) in East Lansing, MI. The system includes PV panels, 
Fresnel concentrated solar thermal collector with conical absorber, two upflow fixed film 
anaerobic digesters, an electrocoagulation (EC) unit, a nano-facilitated reverse osmosis unit, 
battery storage, power control unit, and system control interface (Fig. 16).  

 
 

    
 

     
 

          
Figure 16. The self-sustaining pilot-scale system 

A. 40 ft container (A1: outside of the container; A2: inside of the container); B. 700 L anaerobic 
digesters; C. Control room; D. Fresnel solar thermal collectors (12 one m2 lenses); E. 250 L EC 
reactor; F. 5 L/min nano-facilitate RO unit; G. 300 L water tank; H. 2 kW centrifuge; I. Control 
panel; J. 2 kW heater; K. 1.5 kw gas engine; L. PV panels (23 m2); M. feeding and receiving 
unit; N. power control; O. biogas storage; P. battery  
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The PV panels converted solar radiation into electricity to satisfy the electricity need of 
the system. Solar thermal collector and biogas heat are used to provide heat to the digesters as 
well as generate electricity (the electricity generation from biogas is in an intermittent mode). 
The digesters handles a mixture of food wastes and black water. The effluent from the digesters 
(AD effluent) is treated by the EC unit to reclaim the water. The EC solution (after EC treatment) 
is then centrifuged to remove the solids. The supernatant after the centrifuge is filtered by the 
nano-facilitated reverse osmosis unit to generate clean water. The design parameters for 
individual unit operation are presented in Table 7. The detailed individual unit operations are 
described as follow.  
 
Table 7. Design parameters of individual unit operations 

Parameters Value 
1. Anaerobic digestion operation  

Digester type 
b
 Up-flow fixed-film 

Feedstocks 
a
 Black water & food wastes 

Total Solid in the feed (TS) (%) 1-3 
Digester size (L) 600 
Retention time (days) 4-20 
Digestion temperature (C) 35-50 

2. ECF operation  

Current (A) 20 
Voltage (V) 10 
Reaction time (hours) 0.5-5 
Operation volume (L) 240 

3. Centrifuge   

Power (kW) 2 
Speed (rpm) 3,000 
Flow rate (L/minutes) 20 
Time (minutes) 10 

4. Nano-facilitated RO unit  
Ultra-filtration pressure (psi) 5 
Nano- and RO pressure (psi) 45 
Flow rate (L/minute) 5 
Pump power (kW) 0.06 

5. PV panels  
Type  235W panel & 60 cells per panel 
Size of PV panel (m2/each) 1.62 
Number of PV panel (unit) 14 

6. Gas engine  
Fuel  Biogas 
Power output (kW) 1.8 

7. Electricity storage  
Battery CDTrue 12-170FG 
Battery size 12v, 170 aH 



38 
 
 

No. of battery 16 
8. Power control   
Outback Radian GS4048A 4000 VA 

a. The food wastes is from the MSU cafeteria. The black water is from East Lansing wastewater 
treatment plant. The data are the average of two replicates.  

b. There are two reactor. Each of them has an effective volume of 300 L.  
  

3.5.1 The anaerobic digestion unit operation 
The digestion operation includes two units of feeding and digestion (Figure 16 B and M). 

100 L vessel with a grinding pump inside is used to receive food waste and black water, and to 
feed the upflow digesters. Level sensors are installed to automatically control the feeding 
volume.  

 Two high-efficiency fixed-film anaerobic digesters (300 L effective volume each) have 
been designed and manufactured (Figure 16 B, and Figure 17). This configuration significantly 
enhances the accumulation of microbial biomass (using Pall rings between Screens #1 and #2 to 
retain the biomass), and consequently improves the performance of the digestion. A heating coil 
is installed inside the reactor to maintain the required digestion temperature. 

 

 
Figure 17. Design of the upflow fixed-film anaerobic digester 

 
3.5.2 The water clarification unit operation  

Electro-coagulation and membrane filtration are combined to further treat the AD 
effluent and generate the clean water (Figure 16 E, F, G, H). The AD effluent from the digesters 
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enters into the EC reactor to remove TS, COD, and phosphorus. The EC reactor consists of six 
metallic pipes (mild steel anodes) as the anodes to provide the ions, and a cylindrical metallic 
sheet (with a thickness of 3 mm) as the cathode completes the DC circuit for the electrochemical 
reaction (Figure 18). On the lid, a port is installed for biogas pumping. The After the EC 
treatment, the whole solution is centrifuged to separate supernatant from the settled solids. The 
supernatant (EC solution) is stored in the water tank (Figure 16 G). The EC solution is further 
cleaned up by a modified nano/ultra/RO membrane filtration unit (Figure 16 M). A commercial 
hosing is used to host the membranes. Based on the lab-scale experiments, four membrane filters 
(one coarse fiber pre-filter, one ultra-filtration, one nano-filter, and an RO filter) are 
implemented to convert the EC solution into the clean water.    

 

 
Figure 18. Electro-coagulation reactor for water clarification 

 
3.5.3 Heat and electricity generation unit operation 

The heat and electricity generation unit operation integrates both solar (PV and solar 
thermal) and biogas power generation. The photovoltaic unit includes 14 SolarWorld SW235 
mono PV panels (total 23 m3) and generates 4 kW electricity under reference conditions (cell 
temperature of 25 °C and a power of 1000 W/m2). The concentrated solar thermal unit includes 
one Fresnel lenses (with an area of 1 m2 each), a two-way kinematic gearbox, and a solar 
tracking control unit. The Fresnel lenses collect energy and use the conical absorber to transfer it 
to a heat exchanger. Synthetic oil (Dowtherm A) is used as the transfer media. The solar receiver 
is installed on the aluminum frame, moved by the gearbox connected to brushless motors. The 
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tracking unit includes a control module using the NREL solar position algorithm, a power 
supply, two drivers, and magnetic limit switches (for limiting movement of the lenses). 

The biogas produced from the digestion is stored in a biogas storage bag (as the fuel 
storage) to support a 2 kw hot water heater and a 1.5 kw engine (the electricity generated from 
the engine compensates unsteady solar radiation). Both solar thermal (from Fresnel lens) and 
biogas energy are used by the pilot system to generate the heat to satisfy the temperature 
requirement of the digestion. PV panels are used to generate electricity to power the pumps, 
centrifuge, DC power supply, and control panel to satisfy operational requirements. Extra 
electricity generated from PV panels and 1.5 kw engine are stored in a battery bank to be used at 
night and other time without solar radiation. The battery bank consists of 16 CDTrue batteries 
(12 v and 170 Ah each). Outback Radian 4048 is used to do DC-to-AC conversion and manage 
the energy uses. 
 
3.5.4 The control unit 

The self-sustaining system is a fully automatic unit. The control unit include an Allen-
Bradley CompactLogix Programmable Language Controller with data logging and remote access 
capability, an ten inch touch screen human machine interface (HMI), and an workstation. The 
functions of the control unit is listed in Table 8. The piping and instrumentation diagram (P&ID) 
is demonstrated in Figure 19. The control unit controls the system operation via 14 automatic 
valves, 4 hot water pumps, 5 slurry pumps, 1 grinding pump, 4 level sensors, 2 biogas 
flowmeters, 4 water flowmeters, and 14 thermocouples. The operational data (temperature, 
flows, pumping time, and power usage and storage) are automatically recorded in a time interval 
of 30 seconds, and saved as a .csv file. The interfaces of the system includes liquid overview, hot 
water overview, gas overview, feed sequence, EC sequence, trend, and calibration (Figure 20). 
The liquid overview shows the overall mass transfer in the pilot system. It includes a parameter 
set up for the mixing of the digesters. The hot water overview provides the temperature of 
digesters and hot water tank, and flow rates of heating transfer fluids. The gas overview presents 
the biogas flows from digesters and biogas storage. Feed sequence is used to set up the feeding 
schedule. EC sequence is for setting up the parameters for EC treatment. Trend shows the data of 
the key parameters. Calibration is for calibration of thermocouples. The entire system is remotely 
controlled by laptops or portable electronic devices. 
 
Table 8. Key functions of the control unit  

Control modules Key functions 
1. NEMA 12 enclose  Housing for the switches 

2. PLC with data logging and 
remote access capability 

 Allen-Bradley CompactLogix 
 Ethernet communication for HMI and remote access 
 RS-232 ASCII communication for biogas flow meters 
 32 Analog Inputs 
 16 Digital Inputs 
 48 Digital Outputs 
 Expandable I/O (local or remote via Ethernet) 

3. Ten inch touch screen HMI 
interface 

 Allen-Bradley Panelview Plus 6 
 ‘Soft’ buttons for all manual/off/auto functionality 
 Alarming and alarm history 
 Data logging with on-screen trending 
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 Data export to .CSV files 
 Remote screen control via VNC 
 Remote file access via FTP 

 
 

 
Figure 19. Piping and instrumentation diagram (P&ID) of the system 

 

   
(a)       (b) 
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(c)       (d)  

   
(e)        (f) 

  
(g)        (h) 

Figure 20. Interface of the control system: (a) Liquid overview; (b) Hot water overview; (c) Gas 
overview; (d) Feed sequence; (e) EC sequence; (f) Data trend; (g) Calibration; (h) Energy 

management 
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3.6 Conducting a detailed technical and economic analysis on the system 

The data generated from the pilot operation were used to conduct a technical and 
economic analysis on the system. Mass and energy balance analyses were carried out based on 
an expeditionary contingency base with a nominal size of 150 personnel. The base generates 160 
kg per day food wastes with a moisture content of 70%. The base also generate 3,000 L black 
water per day (20 L per soldier per day). The TS of the mixture of food wastes and black water is 
1.5%. The system for 150 personnel contingency base is scaled according to the established pilot 
unit, and includes three operation units of solar energy collection, anaerobic digestion, and water 
reclamation. Two combinations of unit operations were analyzed for different treatment 
purposes: 1) PV-AD-EC-aeration for non-potable water generation; and 2) PV-AD-EC-
filtration for potable water generation.   

In addition to the technical analysis, economic performance is another important factor to 
determine the viability of the system. An economic assessment was then conducted for the pilot 
system. The capital expenditure (CapEx) and operational expenditure (OpEx) of the system were 
used for the economic assessment. Revenues include fuel and water offset and savings. The 
Modified Accelerated Cost Recovery System (MACRS) was used to calculate the annual 
depreciation of CapEx. In addition, an annual inflation of 3% was set for OpEx and revenues 
based on the five-year average inflation rate. The net cash flow based on depreciated CapEx and 
inflated OpEx and revenues was conducted to determine the payback period. The parameters 
used for the economic assessment are described in Table 9. 
 
Table 9. Parameters of the system for technical and economic assessment (150 personnel base) 

System components The system 
Feedstock 3160 kg per day with 1.5% TS 

Food wastes (kg, with 70% moisture) 160 
Black water (L) 3,000 

Solar energy collection   
PV panels 24 m3 

Anaerobic digestion 20 m3 
Digester technology Upflow fixed film anaerobic digestion 
Digester size (m3) 15 (12 m3 effective volume) 
Loading rate (m3/day) 3.16 
TS of the feed (g/L) 15 
Retention time (day) 4 
Reaction temperature (°C) 35 
Biogas boiler Hot water  

Water reclamation   
Electrocoagulation reactor size (m3) 1 
Loading rate (m3/day) 3 
Processing time (hr) 1 
Centrifuge capacity (L/minute) 100 
Centrifuge size (kW) 2 
Aeration pump (kW)a 0.5 
Aeration time (hr)a 12 
Ultra/Nano/RO filtration (L/minute) 20 

Labor cost  



44 
 
 

Operator None 
Other expense  

Maintenance Pumps, chemicals, and filters 
Bioenergy and water  

Bioenergy On-site uses to compensate the energy demand 
Water On-site uses to compensate the water usage 

Financial analysis  
Inflation rate 3% b 
Depreciation MACRS c 

a. The aeration parameters are for the techno-economic analysis of the PV-AD-EC-aeration 
combination.  

b. The 5-year average local inflation is used as the inflation rate.  
c. The depreciation period is set at 10 years. The depreciation is on solar panel, anaerobic 

digester, and water reclamation (the system installation cost is not included in depreciation). 
The annual depreciation rates from MARCRS (Modified Accelerated Cost Recovery System) 
are: 0.100, 0.188, 0.144, 0.115, 0.092, 0.074, 0.066, 0.066, 0.065, 0.065, 0.033, 0.033 (after 
10 years).   

 
  



45 
 
 

4. RESULTS AND DISCUSSION 
 

4.1 Designing a novel solar concentrator and engine system on solar and methane heat 
4.1.1 Implementing a foldable solar heat collector 
4.1.1.1 Solar tracking of the foldable unit 
  The foldable Fresnel lens solar thermal collector has been operated and tested in East 
Lansing, Michigan (elevation 262 m, latitude 42°43'27.8" N, longitude 84°28'38.6" W) from July 
2013 to October 2013. The operation demonstrates that the two-module structure is easy to 
unfold and fold for working and rest modes (Figure 2). In the working mode, the pivots with 
screw pins steadily lock both vertical actuator and receiver on the horizontal actuator and 
platform respectively, which ensures that the impact of foldable structure on solar tracking and 
concentration is minimal.            

 Since the foldable structure at the working mode is fairly steady, the accuracy of the solar 
tracking is mainly dependent on the movement of Fresnel lens (stepper motors). The calculated 
decimal position data from the astronomical algorithm must be converted into integer numbers 
(step numbers of the stepper motors) before being transferred to the step motors. Relatively large 
step numbers should be used to achieve a high position resolution, which is the reason that the 
stepper motors with 20000 steps per revolution were selected to move the Fresnel lens collector. 
In addition, high and low integer step numbers generated by the round function in LabVIEW 
were able to compensate each other during the operation, which also facilitated reducing the 
position errors. The experimental data verify that the control system enabled the foldable unit to 
accurately realize the solar tracking (Figure 21). During the tracking test, differences on azimuth 
and zenith angles between the lens and real sun positions were 0.221° ± 0.238° and 0.025° ± 
0.019°, respectively, which were relatively small and had no significant influence on solar 
thermal collection.   

 

 
Figure 21. Topocentric azimuth and zenith angle of the Fresnel lens position during the solar 

tracking at two different dates* 
*: The left graph is for the test on 10/11/2013, and the right graph is for the test on 10/13/2013. 

 
4.1.1.2 FEM simulation and verification of temperature profile of thermal absorbers 

 Solar radiation and receiver column temperature (inside the receiver) were measured and 
used for FEM simulation (Table 10). The FEM simulation results are presented in Table 11 and 
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Figure 22. The data demonstrate that under the same operational conditions (ambient 
temperature and solar radiation), the larger CRs the higher the temperatures at the center of the 
absorber were. However, the increase of temperature was not proportional to the increase of CR 
or decrease of absorber area. For instance, once the CR was increased from 256 to 1000, the 
temperatures were only increased by 3.49%, 4.85%, and 6.28% for absorber areas of 1.5 x 1.5 in, 
2 x 2 in, and 2.5 x 2.5 in, respectively. While, compared to the temperature response to the CR 
changes, absorber temperatures were more dramatically changed regarding the size change of 
absorbers. Once the absorber area was decreased from 2.5x2.5 in to 1.5x1.5 in, the temperatures 
at the center of absorber was increased by 36.75%, 37.00%, and 33.16% for concentration ratios 
of 256, 576, and 1000, respectively.   

 
Table 10. Solar radiation and receiver column temperature for the FEM model* 

CR 
Area (in x 

in) 
Solar radiation 

(W/m2) 
Number of 

measurements 
Inside receiver 

temperature (°C)  
Number of 

measurements  

256 
1.5x1.5 633.17±18.66 163 204.36±36.35 11 

2x2 674.16±5.19 106 217.00±21.33 9 

2.5x2.5 679.54±5.22 107 181.67±31.40 9 

576 
1.5x1.5 622.48±15.13 85 256.80±9.20 5 

2x2 665.78±7.11 69 274.20±15.80 5 

2.5x2.5 650.63±14.32 94 209.40±14.72 5 

1000 
1.5x1.5 616.72±23.53 86 301.80±7.98 5 

2x2 666.82±4.49 81 278.60±15.97 5 

2.5x2.5 670.64±4.37 73 241.75±24.51 4 
*: Data are average of multiple measurements with standard deviation.  

 
Table 11. Temperature at the center the absorbers and statistical comparison 

CR Area (in x in) 
Temperature 

from the FEM 
model (°C) 

Measured 
temperature (°C) 

 One-sample t-test 
Number of 

measurements 
t value p value 

256 

1.5x1.5 592.94 564.49±38.75 163 4.643 > 0.1 

2x2 508.76 531.79±51.67 106 2.819 > 0.1 

2.5x2.5 433.58 410.79±31.36 107 4.596 > 0.1 

576 

1.5x1.5 603.83 633.28±13.17 85 14.143 > 0.1 

2x2 525.70 533.94±24.17 69 1.983 > 0.1 

2.5x2.5 440.74 418.66±24.20 125 5.771 > 0.1 

1000 

1.5x1.5 613.65 - -   

2x2 533.44 - -   

2.5x2.5 460.83 - -   
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(a)                                                 (b)                                          (c) 

 
(d)                                                 (e)                                           (f) 

 
(g)                                                (h)                                            (i) 

 
Figure 22. Temperature profiles obtained using FEM simulation.  

(a)1.5 X 1.5 in2 Aa, 256 CR, (b)1.5 X 1.5 in2 Aa, 576 CR, (c) 1.5 X 1.5 in2 Aa, 1000 CR, (d) 2 X 
2 in2 Aa, 256 CR, (e) 2 X 2 in2 Aa, 576 CR (f) 2 X 2 in2 Aa, 1000 CR (g) 2.5 X 2.5 in2 Aa, 256 

CR (h) 2.5 X 2.5 in2 Aa, 576 CR (i) 2.5 X 2.5 in2 Aa, 1000 CR 
 
 As for temperature distribution in the absorber, the ratio of concentration area (Ac) to 

absorber area (Aa) should be close to 1 in order to achieve a homogenous temperature profile. 
However, it is difficult to achieve such high ratio for most of reflective and refractive solar 
thermal collectors. It is even more difficult for the studied foldable unit to use high Ac/Aa ratios 
due to the fact that the focal distance between the lens and receiver is achieved by multiple 
mechanical movements. High Ac/Aa ratios require extreme accuracy of the movement which is 
very hard to achieve. Therefore, the AC/Aa ratios of the studied foldable collector were changed 
between 0.042 and 0.454 (Table 12). The simulation results indicate that temperature gradient 
occurred to all combinations of CR and absorber area (Figure 22). Temperature difference 
between the center and corners of absorbers increases with increase of Ac/Aa ratio (Tables 11 and 
13). Percentages of the temperature difference are 3.19%, 4.63%, and 5.54 % at the CR of 256 
for absorbers of 1.5 x 1.5 in, 2 x 2 in, and 2.5 x 2.5 in. Corresponding percentages of the 
temperature differences for the three absorbers are 5.16%, 6.87%, and 8.07 % at the CR of 576, 
and 7.27%, 9.13%, 10.48% at the CR of 1000 CR. The smallest difference of 3.19% was from 
the 1.5 x 1.5 in absorber and the CR of 256 with an AC/Aa ratio of 0.454, and the largest 
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difference of 10.48% was from the 2.5 x 2.5 in absorber and the CR of 1000 with an AC/Aa ratio 
of 0.042.   

The simulation results were verified using thermocouple and thermal camera to measure 
temperatures of the absorbers for two concentration ratios of 256 and 576 (Table 11). A one-
sample t-test concluded that all measurements were in the 90% confidence interval of the model 
results (Table 11).  

 
Table 12. AC/Aa ratios for different CRs and absorber areas 

CR 
Absorber area (in x in) 

1.5 x 1.5 2 x 2 2.5 x 2.5 

256 0.454 0.255 0.163 
576 0.202 0.114 0.073 
1000 0.116 0.065 0.042 

 
Table 13. Simulated corner temperature for absorbers (°C) 

Absorber (in x in) 
Concentration ratio (CR) 

256 576 1000 

1.5x1.5 574.00 575.90 579.68 
2x2 482.51 489.56 490.39 
2.5x2.5 402.06 400.50 412.54 
 

4.1.1.3 Optimization of concentration area and surface temperature 
 Solar thermal collectors are intended to transfer as much as solar energy via a receiver to 

various heat applications. It is apparent that the high surface temperature and large absorber area 
are two key factors to determine quality and quantity of the heat transfer of solar radiation. 
However, these two factors are oppositely related at a given lens area (fixed solar radiation). 
According to the discussion in the previous sections, the increase of the surface temperature can 
only be achieved by reducing the absorber area. In addition, heat losses (i.e., radiation and 
convection heat losses) of the absorber are also associated with absorber area and surface 
temperature, which further influences the net heat flux on the absorber. Therefore, relationship of 
surface temperature, absorber area and heat loss should be evaluated to conclude optimal 
conditions for Fresnel lens collector to maximally transfer solar thermal energy.     

 A incident heat radiation model that described heat flux in a metallic plate as a function 
of its temperature was used to delineate the relationship between heat flow and surface 
temperature of the absorber [67]. The mathematical expression of the incident heat radiation 
model is: 

߳௠ሺݍ௢ᇱᇱ െ ߪ ௔ܶ
ସሻ ൅ ݄ሺ ஶܶ െ ௔ܶሻ ൅ ௉்ሺܭ ஶܶ െ ௔ܶሻ ൌ ௉்ܥ

ௗ்ೌ

ௗ௧
                             (29) 

Where ݍ௢ᇱᇱ is the incident heat flow, ߪ is the Stefan-Boltzmann constant, ௔ܶ is the absorber 
temperature, h is the convection coefficient, ஶܶ is the temperature of the ambient environment 
where the absorber is located, ܭ௉் is the combined effect of conduction and convective cooling 
on insulation, and ܥ௉் is the overall heat capacity of the absorber and a portion of the insulation. 

At steady state, the term 
ௗ ೘்

ௗ௧
 is equal to zero, and then the model presented that the inflow ݍ௢ᇱᇱ is a 

function of the temperature of the absorber. 
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 Integrating the results from both incident heat radiation model and FEM analysis 
delineates the relationship of heat loss, surface temperature and absorber area (Figure 23). Heat 
loss and absorber temperature were decreased with the increase of absorber area, and decrease of 
the heat loss was much faster than the absorber temperature. Since the absorber temperature was 
linearly changed with absorber area in the experimental range, the heat loss was used to 
determine the optimal absorber area that can achieve high absorber temperature with minimum 
heat loss. The optimal absorber area is defined as the area where the rate of corresponding heat 
loss started leveling off. Turning point analysis was applied on the heat loss curve in the 
experimental range (absorber area between 0.0015 and 0.004 m2). The analysis concluded that 
the optimal absorber area is 0.00274 m2 for the studied unit. At the optimal absorber area, the 
minimum possible heat loss of 16.90 kW/m2 absorber area and a relatively high absorber 
temperature of 512.6°C were achieved correspondingly. 

 

 
Figure 23. Turning point for the predicted absorber temperature and heat loss as function of 

absorber area (Aa)  
 
 The experimental results demonstrates that the two-module structure can be used to 

develop foldable Fresnel lens thermal collectors for small- and medium-solar power generation. 
With selection of high resolution stepper motors, the bench-scale foldable solar collector can 
accurately realize the solar tracking. FEM simulation of thermal absorber demonstrates that the 
absorber area impacts more on the surface temperature of the absorber than concentration ratio. 
An optimization approach using combination of incident heat radiation model and FEM 
simulation concluded that the optimal absorber area for the studied unit was 0.00274 m2, and the 
corresponding absorber temperature and heat loss were 512.57 °C and 16.90 kW/m2 absorber 
area.  
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4.1.2 Solar thermal receivers 
4.1.2.1 Computational fluid dynamics (CFD) modeling solar receivers 

Synthetic oil (Dowtherm A) was selected as the working fluid. Energy from solar 
radiation was transferred to the oil used for steam generation. A micro-turbine of 1.4 kW [59] 
was selected as the power generation unit. The operational parameters of the micro-turbine were 
used to carry out the calculation and receiver modeling. This particular turbine needs superheated 
steam at 180–220 °C and 8–10 bar. The temperature of the feeding water was 45 °C. In the 
model, the temperature change of the synthetic oil due to the solar radiation was set in the range 
of 220–250 °C. The ambient conditions (average direct normal irradiance (DNI) (Figure 24)) in 
Lansing were used as the environmental parameters to run the simulation, and average wind 
velocities were used to calculate the convection heat loss. 

 
Figure 24. DNI during a year at Lansing, MI 

 
Simulation CFD software [68] was used to carry out the analysis. Both receivers were 

discretized, and the mesh size was tested using a heat input value (with no heat losses). The heat 
input must be completely transferred to the fluid, and the corresponding fluid outlet temperature 
can be calculated. Using the correlation ܳ ൌ ሶ݉ ൉ ௣ܥ ൉ ∆ܶ, where mass flow, heat capacity, and 
temperature difference are known, the absorbed heat was calculated and compared with the heat 
input. The difference between the heat input and the absorbed heat was set at less than 1%. The 
analysis used the K-epsilon to model turbulent flow. The outlet working fluid temperature and 
heat transfer efficiency under steady-state receiver operation for two oil mass flows (5 g/s and 10 
g/s) and three DNI values (750 W/m2, 940 W/m2, and 1125 W/m2) were then determined.  

Since Fresnel lenses were the targeted solar thermal collection technology, optical 
efficiencies for the lens and the thermal glass were considered for the total heat flux receiver in 
the absorber area. The transmittances for the Fresnel lens and thermal glass reported by the 
manufacturers were 0.92 and 0.90, respectively. The DNI was then adjusted to the losses in the 
transmittance for the glass and the lens. Moreover, heat losses due to convection and radiation 
were taken into account for the external receiver surfaces. The calculation of the heat loss due to 
forced convection included the wind velocity (4.69 m/s (annual average at Lansing) and 2 m/s 
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(the wind velocity reduced by a screen installation to cover the refractive collector sides)). The 
heat loss due to convection was calculated according to the Newton’s law of cooling: 

ܳ௖ ൌ ݄ ൉ ܣ ൉ ሺ ௦ܶ െ ஶܶሻ       (30) 
where ܳ௖ is the heat loss due to convection (W); ݄ is the convective coefficient 

(W/m2·°C); ܣ is the surface in contact with the external air (m2); ௦ܶ is the surface temperature 
(°C); and ஶܶ is the ambient temperature (20 °C). Furthermore, the convective coefficient was 
calculated as   

݄ ൌ ே௨൉௞

஽
         (31) 

where ܰݑ is the Nusselt number; ݇ is the ambient air thermal conductivity (W/m·°C); 
and ܦ is the characteristic length for the receiver geometry (m) (outside diameter). The 
dimensionless Nusselt number was calculated using the empirical correction for cylinders [69]:  

ݑܰ ൌ 0.027 ൉ ܴ݁଴.଼଴ହ ൉ Pr
ଵ
ଷൗ 	      (32) 

ܴ݁ ൌ ௏൉஽

ఔ
         (33) 

where ܴ݁ is the Reynolds number; ܲݎ is the Prandtl number; ܸ is the wind velocity (m/s); 
and ߥ is the ambient air viscosity (m2/s). Table 14 summarizes the calculation of the convective 
heat transfer coefficient. 

 
Table 14. Convective coefficient for heat loss 

Parameter Cavity absorber Conical absorber 

Diameter (mm) 409.58 361.95 

Height (mm) 122.56 206.38 

Wind speed (m/s) 
2 

4.69 
2 

4.69 

Tஶ (°C) 20 20 

Tୱ assumed (°C) 45 45 

ν (m2/s) @ Tୱ 1.75 × 10-5 1.75 × 10-5 

Re 
4.68 × 104 

1.10 × 105 
4.14 × 104 
9.70 × 104 

Pr @ Tஶ 0.7323 0.7323 

Nu 
227.0 
468.4 

204.4 
421.8 

k (W/m·°C) @ Tஶ 0.02476 0.02476 

h (W/m2·°C) 
13.723 
28.319 

13.98 
28.856 
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In addition to the convective heat loss, the energy losses of solar receivers due to 
radiation can be calculated as  

ܳோ ൌ ߝ ൉ ߪ ൉ ܣ ൉ ൫ ௦ܶ
ସ െ ஶܶ

ସ൯       (34) 
where ߝ is the material emmisivity; ߪ is the Stefan-Boltzmann constant (W/m2·K4); ܣ is 

the surface area (m2); and ௦ܶ and ஶܶ are the surface and ambient temperature, respectively. The 
conical receiver material consisted of aluminum, with an emissivity of 0.18, and the cavity 
receiver had a emissivity of 0.27 (that of stainless steel) [55] 

Both receiver designs allowed the refractive Fresnel lens to concentrate 750 times solar 
radiation into the absorber area (1,333.33 mm2). A homogenous distribution of input heat in the 
absorber area is assumed as the boundary condition in the CFD analysis.  
 
4.1.2.2 Testing the solar receivers    

The fluid temperature at the outlet of the receivers was significantly influenced by 
different values of DNI, working fluid mass flows, and wind velocities. When the wind velocity 
changed from 2 m/s to 4.69 m/s, the convective factor increased from 13 W/m2·°C to 28 
W/m2·°C (Table 14). In addition, the CFD results show that, for a mass flow of 5 g/s, when the 
wind velocity changed from 2 m/s to 4.69 m/s, the heat transfer efficiencies for cavity absorbers 
decreased from 57.92% to 48.11%, respectively; while that for conical absorbers decreased from 
61.09% to 51.92%, respectively (Table 15). For a high mass flow of 10 g/s, when the wind 
velocity changed from 2 m/s to 4.69 m/s, the heat transfer efficiencies for cavity absorbers 
decreased from 51.91% to 45.37%, respectively, and for conical absorbers from 53.74% to 
46.88%, respectively (Table 15). Although the heat transfer efficiencies for a high mass flow 
were significantly lower than those for a low mass flow, the changes in the heat transfer 
efficiencies corresponding to the increase in convective factor were smaller than those for the 
low mass flow. For the high mass flow, the changes in the heat transfer efficiencies for the cavity 
and conical absorbers were 6.54% and 6.86%, respectively, while the corresponding changes for 
the low mass flow were 9.81% and 9.17%, respectively. In addition, there were no significant 
differences in the final working fluid temperature between the two absorbers for the same wind 
velocity and mass flow (Table 15). 

 
Table 15. Heat transfer efficiency for wind velocity variation 

Receiver Cavity absorber Conical absorber 

Wind velocity 
(m/s) 

4.69 2 4.69 2 4.69 2 4.69 2 

Mass flow (g/s) 5 5 10 10 5 5 10 10 

T initial (°C) 220 220 220 220 220 220 220 220 

T final (°C) 248 253.71 235.11 237.78 246.41 250.21 233.64 235.64 

Q absorbed (W) 298.76 359.65 322.4 379.36 281.76 322.38 291.12 333.74 

Transfer efficiency 48.1% 57.9% 51.9% 61.0% 45.4% 51.9% 46.9% 53.7% 

 
The DNI is the most critical parameter that has an effect on the thermal transfer efficiency 

and working fluid temperature. An increase in the net DNI can significantly improve the solar 
thermal collection for both receivers. When the net DNI increased from 621 W to 931 W, the 



53 
 
 

thermal transfer efficiency of the cavity receiver increased from 58% to 68% for a mass flow of 5 
g/s, and from 61% to 72% for a mass flow of 10 g/s. The corresponding increase for the conical 
absorber was from 52% to 66% for a mass flow of 5 g/s, and from 54% to 68% for a mass flow of 
10 g/s (Figure 25). Comparing the impact of change of net DNI on heat collection efficiencies, 
those of the conical receiver (single path) were affected more than those of the cavity receiver 
(multiple paths).  

 

 (a) 

 (b) 
Figure 25. Thermal collection efficiency and fluid output temperature of the receivers for two 

fluid mass flows: (a) cavity absorber; (b) conical absorber 
 
Tables 16 and 17 summarize the results from the CFD analysis for both cavity and conical 

receivers, and Figure 26 shows the fluid temperature profile for selected scenarios. For the 
conditions of a net DNI of 931 W and the lower mass flow of 5 g/s, the maximum temperatures of 
the working fluid were 582.31 °C and 399.19 °C for the cavity and conical receivers, respectively.  
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 (a) 

 (b) 

 (c) 
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 (d) 
Figure 26. Fluid temperature distribution in the studied receivers for selected scenarios. conical 
receiver: (a) 621 W at 10 g/s, (b) 931 W at 5 g/s; cavity receiver: (c) 621 W at 10 g/s, (d) 931 W 

at 5 g/s  
 
Since the synthetic oil (Dowtherm A) used by this paper has a maximum operating 

temperature of 400 °C, the maximum temperature for the cavity receiver exceeds the limit of the 
synthetic oil. Due to the multiple paths in the spiral hole, the fluid molecules around the heating 
surface have a longer residence time, increasing their temperature much higher than the average, 
which could cause a dangerous degradation of the synthetic oil. Reduction of the concentration 
ratio (CR) and increase of the mass flow of the working fluid can be used to limit the maximum 
temperature that the fluid reaches. By reducing the CR by half (to CR = 375), the surface 
absorber temperature decreases from 772.72 °C to 516.70 °C, which limits the maximum 
working fluid temperature to 474.70 °C, still exceeding the recommendation for the synthetic oil. 
However, since the cavity absorber has multiple paths for the working fluid, the temperature 
profile is not evenly distributed on the surface. The cavity absorber has zones with low velocities 
near the heating surfaces (hot spots), which lead to an uneven heating and a high working fluid 
temperature at these spots (exceeding the temperature limit of the synthetic oil) even at the low 
CR. As mentioned previously, a low CR and high fluid mass can reduce the thermal transfer 
efficiency. Therefore, the conical (single path) absorber, which has a relatively homogenous 
temperature distribution in the working fluid, represents a preferable design for the solar thermal 
receiver.  
 

Table 16. The effects of DNI on the conical absorber 

Parameter Value 

Direct normal 
Irradiance (W) 

621 621 778.3 778.3 931 931 

Wind velocity 
(m/s) 

2 2 2 2 2 2 

Mass flow (g/s) 5 10 5 10 5 10 
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T initial (°C) 220 220 220 220 220 220 

T final (°C) 250.2 235.6 260.0 240.8 277.4 249.9 

Cp (J/kg·°C) 2,134 2,134 2,134 2,134 2,134 2,134 

Q absorbed (W) 322.4 333.7 427.1 444.1 612.0 637.3 

Transfer 
efficiency 

51.9% 53.7% 54.9% 57.1% 65.7% 68.5% 

 
Table 17. Effects of DNI on the cavity absorber 

Parameter Value 

Direct normal 
Irradiance (W) 

621 621 778.3 778.3 931 931 

Wind velocity 
(m/s) 

2 2 2 2 2 2 

Mass flow (g/s) 5 10 5 10 5 10 

T initial (°C) 220 220 220 220 220 220 

T final (°C) 253.7 237.8 266.7 244.6 279.2 251.2 

Cp (J/kg·°C) 2,134 2,134 2,134 2,134 2,134 2,134 

Q absorbed (W) 359.7 379.4 498.1 525.2 631.8 666.5 

Transfer 
efficiency 

57.9% 61.1% 64.0% 67.5% 67.9% 71.6% 

 
Two solar thermal receiver designs have been presented. The receiver with the cavity 

absorber, which has multiple paths and provides a longer residence time of the working fluid, 
presents a higher thermal transfer efficiency than the receiver with conical absorber, which has a 
single path and provides a short residence time of the working fluid. However, the cavity 
absorber has hot spots, where the high working fluid temperature at the spots exceeds the 
temperature limit of the synthetic oil. Reducing the concentration ratio and increasing the mass 
flow can solve the issue, although the fluid outlet temperature is reduced correspondingly. The 
receiver with the conical absorber demonstrates similar thermal efficiencies to the cavity receiver 
and avoids the adverse effects of low local velocities that the cavity receiver encounters. 
Therefore, the conical absorber represents a preferable design to collect solar thermal energy 
considering the currently available synthetic oil.  
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4.1.3 Comparison of Brayton and Rankine cycles for small-scale solar-bio-hybrid power 
generation  

4.1.3.1 Relationship between solar energy, capacity factor, and ratio of solar energy to 
biomethane energy 
The biomethane consumption of solar–bio hybrid power systems (steam and gas turbines) 

depends on the usage of solar energy (the heat input from solar energy) and the net capacity 
factor of the power generation. The effects of capacity factor and solar usage on bioreactor 
volume and solar energy requirements for solar–bio hybrid steam and gas turbine systems are 
presented in Figure 27. With an increase in net capacity factor and solar usage, the solar energy 
demands of both systems linearly increase. At the same time, the hybrid steam engine system 
demands more solar energy than the hybrid gas turbine system (Figure 27 a and b). During full 
utilization of solar energy (100% solar usage and 1 net capacity factor) to power the hybrid 
systems, the hybrid steam turbine system requires 18,017 MJ/day of solar energy, which is 
approximately double the demand of the hybrid gas turbine system (9299.4 MJ/day). Meanwhile, 
the required bioreactor volume to generate biomethane for 30 kW electricity generation increases 
with an increase in net capacity factor and decrease in solar usage for both systems, and the 
hybrid steam engine system requires a larger bioreactor volume than the hybrid gas engine 
system (Figure 27 c and d). At the point of 0% solar usage and a net capacity factor of 1, the 
hybrid steam engine system requires a bioreactor volume of 1,435.3 m3, while the hybrid gas 
turbine only requires a bioreactor volume of 642.53 m3.  
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(c)                                                                         (d) 
Figure 27. Effects of net capacity factor and solar usage on bioreactor volume and solar energy 

requirements for different solar–bio hybrid systems* 
*: (a) Solar energy requirements for the solar–bio hybrid steam turbine system; (b) solar 

energy requirements for the solar–bio hybrid gas turbine system; (c) bioreactor volume for the 
solar–bio hybrid steam turbine system; (d) bioreactor volume for the solar–bio hybrid gas turbine 
system. 

 
4.1.3.2 Energy requirements for biomethane production 
4.1.3.2.1 Thermal energy requirements for biomethane production  

Thermal energy is needed by the anaerobic digestion of biomethane production to heat 
the feed and maintain the culture temperature at 50 °C. The energy requirement per day (ܧ௥௘௤ 
(MJ/day)) is calculated as follows [70]:  

௥௘௤ܧ ൌ
௏ಲವ
ுோ்

൉ ௜௡௙ߩ ൉ ௣ܥ ൉ ൫ ஺ܶ஽ െ ௜ܶ௡௙൯ ൉ ሺ1 ൅ 30%ሻ/10଺          (35) 

where ஺ܸ஽ is the digester volume (m3); ܴܶܪ is the hydraulic retention time (days); ߩ௜௡௙ is 
the feed density (1220 kg/m3); ܥ௣ is the feed specific heat (3606 J/kg·°C); ஺ܶ஽ is the culture 
temperature (50 °C); ௜ܶ௡௙ is the feed temperature and assumed to be the same as that for ambient 
temperature when the ambient temperature is above 4 °C (the feed temperature is set at 4 °C 
when the ambient temperature is below 4 °C); and 30% is the additional heat that is needed to 
maintain the thermophilic culture condition of the digester.  

The maximum thermal energy demands at Lansing on the coldest winter day under the 
conditions of a net capacity factor of 1 without solar utilization for steam and gas turbines are 
18,880 MJ/day and 8451.9 MJ/day, respectively. The corresponding thermal energy demands at 
Phoenix for steam and gas turbines are 15,186 MJ/day and 6,798.2 MJ/day, respectively. To satisfy 

the requirements of year-round power generation, the solar–bio hybrid system should have a 
positive energy balance on the coldest winter days. Thus, the maximum thermal energy demands 
at the two locations were used to determine the size of the solar unit and anaerobic bioreactor for 
30 kW electricity output.  

The solar utilization value was selected based on the balance between thermal energy 
required by the anaerobic digester and thermal energy generated in the power generation system 
at a given net capacity factor. The thermal energy generated in the power system (MJ/day) is 
calculated as follows: 

௧௛ܧ
ீ ൌ ொಹ

∗൉஼ி൉ሺଶସ൉ଷ଺଴଴ሻ

ଵ଴଴଴
                                                  (36) 

where ܳு
∗ is the heat generated (ܳு

ீ or ܳு) (kW) and ܨܥ is the net capacity factor. The 
energy requirements per day (ܧ௥௘௤ (MJ/day)) given by Equation 35 can also be expressed as 

௥௘௤ܧ ൌ
௏಴ಹర

ఎ಴ಹర൉ுோ்
൉ ௜௡௙ߩ ൉ ௣ܥ ൉ ൫ ஺ܶ஽ െ ௜ܶ௡௙൯ ൉ ሺ1 ൅ 30%ሻ/10଺  (37a) 

஼ܸுସ ൌ
ா಴ಹర
ு஼

           (37b) 

஼ுସܧ ൌ
ொ∗൉ሺଵିௌ௎ሻ൉ሺ஼ி൉ଶସ൉ଷ଺଴଴ሻ

ଵ଴଴଴
       (37c) 

where ஼ܸுସ is the biomethane requirement (m3); ߟ஼ுସ is the biomethane productivity 
(m3

CH4/m3
digester); ܧ஼ுସ is the energy provided by the biomethane (MJ/day); ܥܪ is the heat of 

combustion of methane (ܥܪ ൌ 34 MJ/m3); ܳ∗ is the heat input (ܳி or ܳி
ீ) (for the turbine) 

(kW); and ܷܵ is the solar utilization factor. Substituting Eq. 37b and Eq. 37c into Eq. 37a, and 
combining with Eq. 36, the solar utilization factor can be calculated. 
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For instances of a given net capacity factor of 0.5, the relationship between solar 
utilization and the required thermal energy by the AD is shown in Figure 28. To satisfy the 
energy demands of heating the influent and maintaining the digestion temperature, the solar 
utilization required at Lansing for steam and gas turbines is 0.3840 and 0.5349, respectively; and 
the corresponding values at Phoenix for steam and gas turbines are 0.2341 and 0.4217, 
respectively. These values at the capacity factor of 0.5 are used as the base numbers to select the 
anaerobic digester volume and solar collector for each location and power system (Table 18). 

(a) 

(b) 
Figure 28. Relationship between the solar utilization and thermal energy requirements of the AD 

for the solar–bio hybridization systems*: a) steam turbine system; (b) gas turbine system. 
*: A net capacity factor of 0.5 was used to calculate these numbers. 
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Table 18. Bioreactor volume and daily biomethane production for selected solar utilization* 

Location 
Reactor volume (m3) Biomethane production (m3/day) 

Steam Gas Steam Gas 

Lansing 442.08 149.43 166.34 56.23 

Phoenix 549.62 185.78 206.81 69.90 

*: The net capacity factor of 0.5 was used to calculate these numbers. 
 

4.1.3.2.2 Electricity requirements for biomethane production and upgrading 
Besides the thermal energy demand, biomethane production and upgrading also require 

electricity to power the liquid handling equipment and biomethane upgrading process. It has 
been reported that the electricity consumption by the liquid handling equipment (pumps, 
agitators, and screw compressor) is 0.0509 MJ per m3 digester per hour [71]. 

Biomethane also has many other compounds, such as carbon dioxide, moisture, hydrogen 
sulfide (H2S), siloxanes, hydrocarbons, ammonia, and carbon monoxide. Among these 
compounds, H2S and water vapor are the most corrosive compounds. The H2S can be converted 
into SO2 and SO3 during the biomethane combustion, and consequently damage turbines and 
other necessary equipment. The water vapor in biomethane reacts with H2S, NH3, and CO2 to 
form corrosive acids [72]. Thus, they must be removed before the biomethane is sent to the 
boiler or combustion chamber for heat and electricity generation. The typical biomethane 
upgrading process includes three steps consisting of water scrubbing and regeneration, cryogenic 
separation, and physical absorption. The electricity demands for the individual cleaning steps are 
listed in Table 19 [57]. Depending on the engine units, they can be configured differently. The 
Brayton cycle (gas turbine) requires fuel gas and air to be mixed in the burner and directly 
expanded in the turbine, so that it requires all three steps to clean up the biomethane and protect 
the turbine. The Rankine cycle (steam turbine) does not require direct contact between the 
biomethane and turbine, so a single step treatment of water scrubbing and regeneration is a 
suitable clean-up method for steam turbine application.  

 
Table 19. Energy consumption for biomethane cleaning 

Cleaning technology 
Electricity consumption (kWh/normalized 

m3 biomethane) 
Water scrubbing and 
regeneration 

0.275 

Cryogenic separation 0.24 

Physical absorption 0.25 

 
To calculate the electricity consumption required to treat the amount of biomethane from 

the studied thermophilic digester (Table 18), the following conversion equation was used to 
determine the effect of temperature on normalized biomethane volume from Table 19. 
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ேܸ ൌ
௉ಲವ൉௏ಲವ
்ಲವ

൉ ்ಿ
௉ಿ

        (38) 

where ேܲ ൌ ேܶ ;݉ݐܽ	1 ൌ ஺ܲ஽ ;ܭ	288.15 ൌ and ஺ܶ஽ ;݉ݐܽ	1.025 ൌ  The .ܭ	323.15
calculation data show that the electricity demands for biomethane cleaning for the solar–bio 
hybrid gas and steam turbine systems were 2.517 MJ/m3 and 0.9048 MJ/m3 biogas (containing 
58.6% biomethane), respectively. 
   
4.1.3.3 Selection of solar thermal collectors for the hybrid systems 

The selection of solar thermal collectors for the solar–bio hybrid systems was based on 
the desired temperature of the heating fluid for the steam and gas turbines. The central tower, 
parabolic dish, and parabolic trough are the three most popular solar thermal collection 
technologies [73-75]. Central tower solar collection can generate extremely high temperatures 
(above 1,000 °C), but requires a large footprint to accommodate the solar reflectors, which is not 
suitable for small-scale solar power generation. Parabolic dish solar thermal collection also 
generates high temperatures (500–900 °C). However, parabolic troughs generate medium 
temperatures (200–400 °C), so are more suitable for small-scale solar power generation [73]. For 
the small-scale solar–bio hybrid power generation systems, considering the required temperature 
of the heating fluid for steam (200 °C) and gas turbines (840 °C), parabolic trough collectors 
were selected to be integrated with the steam turbines and parabolic dish collectors with the gas 
turbines.  

It has been reported that the optical efficiencies for parabolic trough and parabolic dish 
are approximately 0.76 and 0.93, respectively [73, 76]. The solar concentration ratio (ܥ௥) is 
another important parameter for solar thermal collectors, and is expressed as the absorber area 
 The numbers of 70 and 750 are used as the concentration ratios .(௖ܣ) vs. the collector area (௔ܣ)
for parabolic trough and parabolic dish collectors [73, 77].  

Based on the collector type, working fluid temperature, and solar concentration ratio, the 
solar energy can be calculated by the following equation: 

ܳ௦ ൌ ௢ߟ ൉ ௖ܣ ൉ ܩ ൉ ܵி െ ሾߙ ൉ ߪ ൉ ௔ܣ ൉ ሺ ுܶௌ
ସ െ ஶܶ

ସሻ െ ݄ ൉ ௔ܣ ൉ ሺ ுܶௌ െ ஶܶሻሿ ൉ ቀ
௧೎

ଵ௫ଵ଴ల
ቁ   (39) 

where ܳ௦ is the solar heat required (MJ/day); ߟ௢ is the optical efficiency; ܣ௖ is the 
collector area (m2); ܩ is the direct normal irradiance (MJ/m2·day); ܵி is the solar operating factor 
(which, for parabolic trough and parabolic dish collectors, is 0.878 and 0.429, respectively, at 
Lansing and 0.934 and 0.4752, respectively, at Phoenix); ߙ is the absorber emittance (0.27, 
stainless steel Type 312 [55]); ߪ is the Stefan-Boltzmann constant (5.67 × 10-8 W/m2·K4); ܣ௔ is 
the absorber area (m2); ஶܶ is the ambient temperature (K); ݄ is the convective coefficient (8 
W/m2·K); ݐ௖ is the solar energy collection time (which, for the parabolic dish and parabolic 
trough collectors is 5.65 and 5.88 h per day, respectively, at Lansing; and 9.66 and 9.69 h per 
day, respectively, at Phoenix); and	 ுܶௌ is the receiver’s absorber temperature (K), which is 
assumed to be 25% higher than the maximum temperature of the working fluid (water or air) in 
the system. The solar operating factor (ܵி) is defined as the ratio of direct normal irradiance that 
can be used by the solar collection technology for electricity generation, and is calculated as the 
ratio of the total thermal power produced and the absorbed thermal energy. The ܵி values were 
obtained using the software System Advisor Model [78]. 
 In addition, the working fluids (water and air) have a large impact on the thermal 
efficiency of the heat exchanger (ߝுா). The overall heat transfer coefficient (the capability of the 
heat exchanger to transfer thermal energy) is several orders of magnitude higher for water than 
for air [69, 79], and the thermal efficiency of air is correspondingly lower than that of water. The 
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 .ுா values for air and water were selected as 0.70 and 0.85, respectively, in this studyߝ
Therefore, the heat that the working fluid transfers from the absorber to the boiler and burner can 
be calculated as 

ܳி௅ ൌ
ொೄ
ఌಹಶ

                 (40) 

where ܳி௅ is the energy transferred (MJ/day) from the absorber to the working fluid; and 
  .ுா is the thermal efficiency of the heat exchangerߝ

Under the conditions of the coldest winter day and a net capacity factor of 0.5, the solar 
collector area required by the solar–bio hybrid systems to generate 30 kW electricity can be 
calculated (Table 20). Because Phoenix has a much higher ambient temperature and DNI than 
Lansing year-round, the required solar collector areas at Phoenix for steam and gas turbines were 
180.4 m2 and 330.1 m2, respectively, much smaller than those in Lansing, which for steam and 
gas turbines were 1,034.8 m2 and 1,502.1 m2, respectively.  

 
Table 20. Required solar collector areas for steam and gas turbines at Lansing and Phoenix on 

the coldest winter day for a net capacity factor of 0.5 

Location 
Solar collector area (m2) 

Steam Gas 

Lansing 1,034.8 1,502.1 

Phoenix 180.4 330.1 

 
Based on the selected solar collector area at the coldest time, the monthly net capacity 

factors were simulated for both systems at Phoenix and Lansing (Figure 29). Since the coldest 
time of the year is used as a reference state to select the solar collector area, the solar thermal 
energy generated during most of the year exceeds the value for the minimum heat requirements. 
The biomethane is therefore used to extend the operating hours of the power generation system, 
and the net capacity factor is correspondingly increased. In the warm climate location (Phoenix), 
during the month of July, which has the highest ambient temperature, the net capacity factors for 
the steam and gas turbine systems were increased by 13.82% and 24.50%, respectively (Figure 
29b). In the cold climate location (Lansing), the net capacity factors changed more dramatically. 
During July, the net capacity factors for the steam and gas turbine systems were increased by 
70.88% and 95.82%, respectively (Figure 29a). 
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 (a) 

 (b) 
Figure 29. Effects of location and month on the net capacity factor of the solar–bio hybrid power 

generation system: (a) Lansing; (b) Phoenix. 
 

4.1.3.3 System analysis 
The system analysis shows the relationship between the net capacity factor, bioreactor 

volume, solar thermal utilization, and geographic location for both the Brayton and Rankine 
cycles. According to the system configurations (Figure 10), the highest temperatures required for 
individual thermal cycles determine the solar collector technologies that can be integrated into 
the solar–bio hybrid power generation systems. In the case of the steam turbine (Rankine cycle), 
the maximum temperature (turbine inlet) is 200 °C (Figure 10b), which can be achieved by 
medium-temperature solar thermal technologies, such as the parabolic trough proposed by this 
study. However, the working fluid in the gas turbine (Brayton cycle) needs to be heated by solar 
thermal energy from 533 °C at the outlet of the regenerator to 840 °C before entering the burner 
(Figure 10d). High-temperature solar thermal technologies, such as the parabolic dish selected by 
this study, are required to satisfy the need of such a high temperature increase. However, 840 °C 
is at the higher end of the temperature range that conventional parabolic dishes (with a reflector 
area ranging from 43 m2 to 117 m2) can achieve [80, 81]. This is a limiting factor for the further 
increase of solar thermal energy utilization in the gas turbine hybrid system. Although it is 
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theoretically possible to raise the temperature at the absorber of a parabolic dish to above 1,000 
°C by extending the reflection area, fabricating such large parabolic dishes may pose certain 
manufacturing and installation difficulties, as well as economic barriers for small-scale 
applications. 

Since the solar radiation and ambient temperature vary significantly between seasons and 
locations (Figure 11), the bioreactor volume must be large enough to produce sufficient methane 
to satisfy the system energy demands when the solar thermal energy is not able to fulfill the 
heating requirements (i.e., in the winter months at Lansing). This is the reason that the minimum 
solar utilization values for the system design were selected by this study based on maintaining 
the capacity factor of 0.5 on the coldest day of a year. Moreover, due to the thermodynamic 
difference in fuel efficiency between the gas and steam turbines, the required bioreactor volumes 
are different for the hybrid systems. The fuel efficiency for the gas turbine (27.32%) is much 
higher than that for the steam turbine (14.69%). The corresponding bioreactor of the steam 
turbine hybrid system is approximately 2.95 times larger than that of the gas turbine hybrid 
system (Table 18). 

In addition, as mentioned previously, the ambient temperature and solar radiation have a 
strong influence on the configuration of hybrid systems. The simulation results demonstrated that 
the solar–bio hybrid steam turbine system required a smaller solar collector area (1,034.8 m2 and 
180.4 m2 for Lansing and Phoenix, respectively) than the gas turbine system (1,502.1 m2 and 
330.1 m2 for Lansing and Phoenix, respectively) (Table 20). This is mainly caused by the low 
value of the solar operating factor for the gas turbine systems. The solar collector area must be 
over-sized to satisfy the energy demand of the working fluid when the direct normal irradiance is 
weak during the winter months. Considering the fact that a smaller footprint is desirable for 
small-scale systems, the solar–bio hybrid steam turbine power generation with a smaller solar 
collector area is thus preferred 

The overall energy balance for the coldest and hottest months at the two locations 
elucidates the comprehensive energy distribution profiles for both systems (Figure 30). Because 
of the low thermal efficiency of the steam turbine, the solar–bio hybrid steam turbine system 
(245.33 kW) demanded 2.23 times more heat than the hybrid gas turbine system (109.83 kW) to 
generate 30 kW electricity (Tables 4 and 5). The steam turbine hybrid system had a higher ratio 
of heat generation to total energy input (0.5487) than the gas turbine hybrid system (0.4143); and 
the corresponding heat generated for the steam and gas turbine hybrid systems was 134.61 kW 
and 45.50 kW, respectively. During the coldest winter month, the heat was completely used to 
maintain the culture temperature of the anaerobic digestion for biomethane production and 
ensure the generation of the target electricity amount.  

During the hottest summer month, extra heat was generated from both systems in both 
locations (Figure 30 a, c, e, and f). In addition, although the fuel efficiency of the gas turbine is 
higher than that of the steam turbine, the global efficiencies (electricity and heat outputs vs. 
biomethane and solar energy inputs) of the solar–bio hybrid steam turbine system (47.75% in 
July and 49.00% in December at Lansing, 58.13% in July and 58.92% in December at Phoenix) 
were significantly higher than those of the solar–bio hybrid gas turbine system (21.52% in July 
and 23.64% in December at Lansing, 30.84% in July and 32.69% in December at Phoenix). 
Moreover, due to the temperature differences between winter and summer for both locations, the 
larger temperature difference requires larger solar collectors and correspondingly more heat. The 
hybrid steam and gas turbine systems located at Lansing generate 38.9% and 45.9% more heat, 
respectively, than those located at Phoenix. As for electricity generation, the solar–bio hybrid 
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steam turbine system requires more biomethane to maintain the net electricity output of 30 kW. 
The parasitic electricity energy required by the hybrid steam turbine system (279 MJ/day and 
347 MJ/day for Lansing and Phoenix, respectively) was higher than that required by the hybrid 
gas turbine systems (249 MJ/day and 310 MJ/day for Lansing and Phoenix, respectively), 
although the gas turbine requires more electricity to clean up the biomethane for power 
generation. In addition, the systems at the location with lower solar thermal utilization (i.e., 
Phoenix) require more biomethane energy, and correspondingly increase the consumption of 
parasitic electricity, which leads to a lower net electricity output (Figure 30). 

The analysis in this study is based upon the use of solar thermal energy as a supplemental 
energy source to facilitate the utilization of the biofuel–biomethane, and indirectly improve the 
power generation performance of the system. As a matter of the fact, the net capacity factor can 
be significantly increased if the solar thermal energy can be utilized directly as a single energy 
source in the thermodynamic cycle for several hours per day (once solar radiation is able to bring 
the working fluid to the desired temperatures for the gas and steam turbines). Further studies are 
needed to explore such scenarios. 

 
 

(a) 

(b) 
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Figure 30. Energy balance of small-scale solar–bio hybrid power generation systems*  

*: (a) Steam power generation system in Lansing in July; (b) steam power generation system in 
Lansing in December; (c) gas power generation system in Lansing in July; (d) gas power 
generation system in Lansing in December; (e) steam power generation system in Phoenix in July; 
(f) steam power generation system in Phoenix in December; (g) gas power generation system in 
Phoenix in July; (h) gas power generation system in Phoenix in December. 
DSR: available direct solar radiation; Biomethane: energy obtained from biomethane 
combustion; SC: solar collector subsystem; PGS: power generation subsystem; Thermal losses: 
losses in the solar collector due to radiation, convection, and solar operating factor influence; 
Optical losses: losses in the solar collector due to absorptivity of the reflector and reflectivity of 
the absorber; Irreversible losses: energy losses in the heat transfer equipment; EG: electricity 
generation in the PGS; NEG: net electricity generation; HG: heat generation in the PGS; AD: 
electricity required in the anaerobic digestion subsystem; and Extra heat: heat generated in the 
power generation system not used by the anaerobic digestion process. 

 
A comprehensive analysis on small-scale solar–bio hybrid power generation (30 kW) has 

been carried out. The relationship between net capacity factor, solar utilization efficiency, and 
biomethane utilization efficiency has been determined. The analysis demonstrated that the hybrid 
steam turbine system had better global thermal efficiency (54.87%) than the hybrid gas turbine 
system (41.43%), although the electricity generation efficiency of the hybrid steam turbine 
system (14.69%) was lower than that of the hybrid gas turbine system (27.32%). Moreover, the 
global efficiencies of the solar–bio hybrid steam turbine system were significantly higher than 
those of the solar–bio hybrid gas turbine system, regardless of location. It was found from the 

(g) 

(h) 
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analysis that, in order to reduce the system footprint, the hybrid steam turbine is preferable to the 
hybrid gas turbine system.  
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4.2 Optimizing lab-scale upflow fixed-film anaerobic digestion on blackwater and food 
wastes 

4.2.1 Effects of the Pall-ring median on the upflow fixed-film anaerobic digestion 
A preliminary experiment prior to CRD was conducted to investigate the effects of the 

Pall-rings on the anaerobic digestion. The fixed film digesters contained 25 rings (1 inch OD, 1 
inch height). A feedstock concentration of 1% was tested under a HRT of 6 days and temperature 
of 35°C. The control was under the same conditions except Pall rings in the reactor.  The overall 
biogas accumulation is demonstrated in Figure 31. The digester with Pall-rings had significantly 
higher biogas production than the control. In addition, the Pall rings helped to suppress the 
accumulation of organic foam in the digester and make the maintenance easier and ensure a long 
term operation. Therefore, the upflow fixed film reactor was selected for the rest of the study.  

 
HRT-6 d, without rings 

 
HRT-6 d, with rings 

Figure 31. Overall biogas accumulation in digesters with and without plastic ring shaped media 
at 35 °C and HRT-6 d*  
*: Each condition had two biological replications. 
 
4.2.2  Effects of HRT, temperature, and TS on performance of upflow fixed film 

anaerobic digestion 
The CRD experiment demonstrates that biogas accumulation increased with the increase 

of TS and temperature. As shown in Figure 32, under the mesophilic condition (35 °C), 1% TS 
had a highest biogas accumulation of 3.0 L, it was 8.2 L for 3% TS and 11.9 L for 5% TS. The 
effect of HRT on the biogas accumulation had different trends. Under the thermophilic condition 
(50 °C), the 3% TS accumulated double the amount of biogas than 35 °C. 1% and 5% also had 
significant increase at higher reaction temperature. However, 5% did not produced more biogas 

0

500

1000

1500

2000

28‐Sep 2‐Oct 6‐Oct 10‐Oct 14‐Oct 18‐Oct 22‐Oct

B
io
ga
s 
ac
cu
m
u
la
ti
o
n
 

(m
L)

1% A

1% B

0

1000

2000

3000

4000

5000

8‐Nov 13‐Nov 18‐Nov 23‐Nov 28‐Nov 3‐Dec

B
io
ga
s 
ac
cu
m
u
la
ti
o
n
 

(m
L)

1147 

3588 



70 
 
 

than the 3% as it did at 35 °C.  Therefore the optimal conditions of digesting food waste based 
on biogas accumulation were 3% TS at 50 °C with HRTs of 6 and 4 days. 

 
Figure 32. The biogas accumulation from all treatments 

 
 Figure 33 represents the TS reduction under different digestion conditions. Both 1% and 
3% had similar TS reduction at mesophilic condition. Their TS reduction increased by 26-51% 
once the digestion was under thermophilic condition. It is noticeable that both 1% and 3% had 
significant lower TS reduction under HRT 8 days and 50 °C than 5%.  As for 5% TS, neither 
HRT nor temperature had significant impact on the TS reduction. Therefore, the optimal 
digesting conditions based on TS reduction were 3% OLR at 50 °C with HRT of 4 and 6 days. 
 

1% 3% 5%

HRT‐4, 35 C 1667 7148 11093

HRT‐4, 50 C 4553 16241 16404

HRT‐6, 35 C 3040 7098 10622

HRT‐6, 50 C 5084 16660 17676

HRT‐8, 35 C 2489 8196 11862

HRT‐8, 50 C 4226 16225 14801

0

4000

8000

12000

16000

20000
B
io
ga
s 
ac
cu
m
u
la
ti
o
n
 (
m
L)



71 
 
 

 
Figure 33. The total solids reduction from different digestion conditions 

 
 Considering both biogas accumulation and TS reduction, biogas productivity was 
calculated. The biogas productivity was defined as the volume of biogas produced from one 
gram of organic matter (TS) consumed by the microbes (Figure 34). Generally, all thermophilic 
digesters performed significantly better than mesophilic ones. The 5% TS had the lowest biogas 
productivity at both temperatures and all three HRTs. The 1% TS at 35 °C had better biogas 
productivity compared to corresponding 3% TS regardless HRT change. Both 1% and 3% TS at 
50 °C had similar productivities. Therefore, the optimal digesting conditions based on the biogas 
productivity were both 1% and 3% OLR at 50 °C with HRT of 6 and 8 days. 
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Figure 34. The biogas productivity from all treatments 

 
 According to the CRD, the results demonstrate that 3% OLR at 50 °C with HRT 6 days 
was the best operating condition based on biogas accumulation, TS reduction and biogas 
productivity. The digesters of 3% TS in general had superior and stable performance than the 
other two TS contents. The 1% TS had the greatest variation between replications, which was 
possibly caused by that the organic matter in these digesters was not sufficient to provide carbon 
and other nutrients for microbial communities. The 5% OLR at 50 °C did not show the further 
increase of biogas production. It might be due to that feedstock loading exceeded the digestion 
capacity in the tested range of HRTs. If future project is aimed to improve the performance at 5% 
TS, extended HRTs for the upflow fixed film reactor needed to be studied.  
 Furthermore, the significance of three factors (organic loading rate, hydraulic retention 
time and temperature) were statistically examined (Figure 35) based on biogas productivity. 
Figure 46a demonstrates that 5% TS was significantly lower than the other two TS loadings, but 
1% and 3% were not significantly different from each other. The analysis also demonstrates that 
there was no significant difference between all three HRT levels. As for the reaction temperature, 
thermophilic condition was significantly more effective than mesophilic. 
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                                         (a)                                                                (b) 

 
(c) 

Figure 35. Statistical analysis on significance of all three factors 
(a) Biogas productivity in response to TS loading, (b) Biogas productivity in response to HRT, 

(c) Biogas productivity in response to the temperature 
 

Methane production from 18 treatments were presented in Table 21. The data 
demonstrated that several treatments (3% food waste in HRT-4, 6 and 8 days at 50 °C, 1% in 
HRT-6 and 8 days at 50 °C) had over 160 g methane produced for every kg food waste (TS) 
destroyed. Considering the TS loading and gas production, 3% TS and HRTs of 6 and 8 are the 
preferred conditions for the digestion.   
 
Table 21. Mass balance for upflow fixed film anaerobic digestion  
 TS 1% 3% 5% 

Methane production [g CH4/kg TS of food waste] a 

HRT-4, 35 C 79 106 72 
HRT-4, 50 C 156 160 108 
HRT-6, 35 C 139 107 68 
HRT-6, 50 C 169 167 112 
HRT-8, 35 C 119 116 72 
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HRT-8, 50 C 162 174 100 
a. Methane production [g CH4/kg TS of food waste] = Overall biogas [L] * biogas density [g/L] 

* methane content in biogas [%] / (total solids loaded [g] * solid reduction rate [%]), where 
the biogas density was 1.11 g/L, and methane content in biogas on average was 60%. 
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4.3 Studying electrocoagulation to reclaim water 
4.3.1 Studying the effects of electrocoagulation on the AD effluent treatment 
4.3.1.1 The 1st EC treatment 

TS and COD removal effects were demonstrated in Figure 36. According to the GLM 
analysis, the experimental runs with the current of 2A had a significantly (p<0.05) better COD 
removal (62.9%) than other current levels. The higher currents of 1A and 2A also had better TS 
removal than the lower current of 0.5 A. Under the current of 2A, longer RT and smaller SA 
were beneficial for both COD and TS removal. The results indicate that current density (current 
strength on unit surface area of electrodes) was critical to improve the electrocoagulation 
performance on AD liquid effluent, which is consistent with other studies on various waste 
streams [82, 83]. It was reported that high current density leads to generation of a large amount 
of cations and gas bubbles, cations act as coagulants to agglomerate small particles to form flocs 
in the solution, the gas bubbles then float the flocs to the surface, and the water is reclaimed [84, 
85]. With more particles being removed by flocculation and flotation, the electrical conductivity 
of the EC solution was correspondingly decreased. Thus, the electrical conductivity could serve 
as an indirect indicator of EC performance of particle removal. As shown in Figures 36, a big 
drop of electrical conductivity was observed with the runs under 2A that had better TS and COD 
removal than other current levels. 

Considering TS and COD removal, the EC conditions of 2A, 60 min with electrode 
surface area of 62 cm2 were selected to carry on the 1st stage EC treatment of AD effluent. 
Dynamic change of COD, TP and TN during the selected EC treatment was further investigated 
(Figure 37a). TP was dropped from 340 mg/L to 0 mg/L within 60 min of HR, and a COD 
removal of 86% was achieved during 60 min of EC. However, TN content was barely impacted 
by the EC treatment, maintaining a relative high level of 1000 mg/L. It is because over 80% of 
total nitrogen in the liquid AD effluent was in the form of ammonia. Ammonia is highly soluble 
in water and thus difficult to be removed by EC. Both pH and power consumption kept 
increasing during the 1st EC (Figure 37b). At the end of the 1st EC, the pH and power 
consumption reached 11.5 and 0.12 kWh/L respectively.  
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(b) 

 
(c) 

Figure 36. TS and COD removal of 1st stage EC * 
*Columns with sparse dots stand for TS removal, and columns with dense dots stand for COD 
removal. Blue (left), red (middle) and black (right) stand for the retention times of 20, 40 and 60 
min respectively. (a) TS and COD removal efficiency with electrode surface area of 62 cm2. (b) 
TS and COD removal efficiency with electrode surface area of 134 cm2. (c) TS and COD 
removal efficiency with electrode surface area of 210 cm2. * Data represent the average of three 
replicates with standard deviation 
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(a) 

 
(b) 

Figure 37. Dynamic change of nutrients, pH and power consumption of 1st EC under the 
selected conditions* 

(a) Dynamic change of TP, COD and TN of AD effluent. Red triangle stands for TP, green circle 
stands for COD, and square blue stands for TN. (b) Dynamic change of pH and power 
consumption of AD effluent. Red triangle stands for pH change, and blue square stands for 
energy consumption.  
*Data of power consumption, TP and COD are the average of three replicates 
 
4.3.1.2 Biogas cleanup and pH adjustment of the EC effluent 

Although significant improvement of TS, COD, and TP removal were obtained from the 
1st EC, COD was still at a level over 1000 mg/L, which means that both organic and inorganic 
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pollutants were still abundant in the EC effluent [19]. In order to achieve water reclamation from 
AD liquid effluent, an additional EC is needed. However, as shown in Figure 37b, pH of the 
solution was very high at the end of the 1st EC due to the production of hydroxide ion (OH-) 
during the EC. It has been reported that a high initial pH would negatively influence the EC 
performance [82, 86-88]. Under high pH level, removal efficiency of COD, TS and other 
nutrients during EC treatment is largely reduced, and energy demand is dramatically increased, 
which make EC process energy intensive and less efficient. It has also been reported that pH 
range of 4.0 – 8.0 is preferred as initial pH for EC to have a good nutrients removal performance 
with relatively less energy demand [89, 90]. A pH adjustment was thereby necessary in EC 
treatment to maintain a good efficiency. On the other hand, the byproducts of CO2 and H2S in 
biogas are acidic, and using them to neutralize the pH of EC solution can address both issues of 
biogas cleanup and EC performance efficiency. A biogas pumping step was thus introduced to 
mix raw biogas and the 1st EC effluent.  

 
(a) 

 
(b) 

Figure 38. H2S and pH change of 1st EC effluent during biogas pumping 
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Blue square stands for batch 1, green circle stands for batch 2, red triangle stands for batch 3. (a) 
Dynamic change of H2S concentration. (b) Dynamic change of pH 
 

As shown in Figure 38a, H2S concentration dramatically dropped from 300 ppm to 0 ppm 
in the first 20 min of biogas pumping, and maintained no detectable for the rest of the testing 
period (60 minutes). However, once the H2S concentration in the biogas exceeded 300pm, there 
was small amount of H2S (35 ppm) detected in the treated biogas at the end of the testing period. 
These results indicated that the conditions of 60 minutes and 1 vvm are good for the biogas 
containing 300 ppm or less H2S, but may not be suitable for the biogas with high H2S content. 
In-depth studies are needed to further understand the effects of EC solution and biogas pumping 
on H2S removal. Gas analysis also demonstrated that CH4 content stayed stable during the biogas 
pumping. CO2 was declined slightly at the beginning of the biogas pumping, and backed up to 
the content similar with the raw biogas. There was no significant amount of NH3 detected in the 
raw biogas, as well as in the treated biogas. Meanwhile, the pH level of the liquid effluent had a 
substantial reduction, and a pH of 7.25 was obtained at the end of the biogas pumping (Figure 
38b). The results elucidated that the combined operation not only efficiently removed H2S from 
biogas as a key step for biogas purification, but also acidified the solution to facilitate the 
following EC process. The H2S removal of biogas pumping could be theoretically explained 
based on the following reactions [91]:  

 
ଶܵܪ ൌ ିܵܪ	 ൅	ܪା   

ଷା	݁ܨ2 ൅ ିܵܪ ൌ ଶା݁ܨ2	 ൅ ܵ ↓ ൅ܪା 
ଶା݁ܨ ൅ ଶܵܪ ൅ ିܪ2ܱ ൌ ܵ݁ܨ ↓ ൅2ܪଶܱ 

 
At the initial stage of biogas pumping, the abundance of hydroxyl ions (OH-) promoted 

the dissolving of hydrogen sulfide (H2S) into water and disintegrated into hydrosulfide ions 
(HS-) and hydrogen ions (H+). The latter two reactions consequently occurred and functioned in 
H2S fixation. The hydrogen ions (H+) also react with OH-, which drives the equilibrium of these 
reactions towards the right side. With formation of FeS and S, the other characteristics of the BP 
effluents besides pH were significantly changed as well. BP effluent had 1.87 g/L and 308 NTU 
of COD and turbidity, correspondingly, which were higher than 1.00 g/L and 277 NTU of NBP 
effluent (Table 22).  

 
Table 22 Characteristics of 1st EC effluent 

Parameter NBP effluent BP effluent 

Total solids (%, w/w) 0.5±0.1a 0.6±0.1a 

COD (mgL-1) 1000±140a 1873±23a 

TN (mgL-1) 801b 777b 

Turbidity (NTU) 277.0±54.1a 308.0±14.2a 

Ionic conductivity (μs cm-1) 2986.5c 4893.2c 

a: Data represent the average of three replicates with standard deviation. 
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b: TN data represent the average of two replicates. TN tests were measured separately for kinetic 
change, and may not comply with other data set. 
c: Ionic conductivity represent the average of two replicates. 
 
4.3.1.3 The 2nd EC treatment 

The 2nd EC carried on the BP effluent from the 1st EC treatment was compared with the 
control (NBP effluent) to further evaluate the impacts of gas pumping on the performance of the 
2nd EC. The effects of I and RT on turbidity, COD removal, pH, and power consumption of the 
2nd EC effluent were demonstrated in Figures 39 and 40. Turbidity removal of the 2nd EC on both 
BP and NBP effluent were generally enhanced with the increase of RT and I, except for the EC 
on NBP under 1A where the turbidity removal was decreased with increase of RT (Figure 39a). 
The data also demonstrated that all EC treatments on BP effluent had significantly (P<0.05) 
higher turbidity removal than the EC on NBP effluent. COD removal had a similar trend (Figure 
39b). Increase of RT and I improved the COD removal of both NBP and BP effluent. The EC on 
BP effluent also presented obvious enhancement on COD removal compared to the EC on NBP 
effluent. Better turbidity and COD removal of the 2nd EC on BP effluent is partially attributed to 
lower pH of BP effluent (Figure 40b) that is in favor of generation of more metal ions and 
increase of conductivity. The metal ions react with OH- ions in the solution to form metal 
hydroxide, which is one of the most important factors in removing COD and suspended solid 
(turbidity) via EC treatment [19].  The increased conductivity leads to low dynamic voltage (IR) 
drop of the electrolysis [20],  therefore, less energy was needed by the EC on BP effluent. The 
2nd EC on BP effluent only consumed 0.08 kWh/L (at 2A and 40 minutes) that was about half 
power demand of the corresponding 2nd EC on NBP effluent (Figure 40a). In addition, total 
nitrogen (TN) change was also different between NBP and BP effluent. BP effluent had a 
significantly less TN removal (15.7%) in the 2nd EC treated solution than that of NBP effluent 
(39.7%). Those differences are also related with the pH difference between BP and NBP 
effluent. As shown in Figure 40b, pH of the 2nd EC treated solution on NBP effluent remained 
above 9.5, which was much higher than that of BP effluent (pH around 8). There were over 80% 
of TN in liquid AD effluent was in the form of ammonia. Since high pH drives the equilibrium 
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of ammonia and ammonium towardsammonia, more ammonia was thus released from the EC of 
the NBP effluent that led to low TN in the solution.  

 

 
(a) 

 
(b)  

Figure 39. Comparison of COD and turbidity removal between no-biogas-pumped (NBP) and 
biogas pumped (BP) after 2nd EC * 

Light blue square (left) stands for NBP, red square (right) stands for BP. (a) Turbidity (b) COD 
removal. *Data represent the average of three replicates with standard deviation. 
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(a) 

 
(b) 

Figure 40. Comparison of power consumption and pH between no-biogas-pumped (NBP) and 
biogas pumped (BP) after 2nd EC * 

Light blue square (left) stands for NBP, red square (right) stands for BP. (a) Power consumption, 
(b) pH. *Data represent the average of three replicates with standard deviation. 
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The pair-wise comparison based on both turbidity and COD removal indicated that the 
preferred EC conditions (I and RT) for BP and NBP effluents were 1A and 40 minutes, and 2A 
and 40 minutes, respectively. Under the preferred conditions, the 2nd EC had better effects on BP 
effluent (removed 56% of COD and 60% of turbidity) compared to NBP effluent (49% of COD 
removal and 48% of turbidity removal) (Figure 39). The solution from the preferred EC with BP 
had COD, TN and turbidity of 809 mg/L, 655 mg/L, and 114 NTU, respectively, and the solution 
from the preferred EC with NBP had corresponding numbers of 513 mg/L, 443 mg/L, and 144 
NTU (Table 23).    
 
Table 23 Characteristics of the treated solutions from two-stage EC with NBP and BP a, b, c 

Parameter Two-stage EC with NBP Two-stage EC with BP 

TSS (mg L-1) ND 168 
TDS (mg L-1) 2574 2106 
TOC (mg L-1) 60 101 

Color absorbance (at 527.5 nm) 0.085 0.082 
COD (mg L-1) 513.3±46.0 808.7±116.1 
TN (mg L-1) 443.3±56.9 655.2 ±5.9 c 

Turbidity (NTU) 144.2±20.4 113.6±6.8 
Conductivity (μs cm-1) 4778.8 3939.9 

a: NBP treatment was carried on at I of 2A and RT of 40 min, and BP treatment was carried on at 
I of 1A and RT of 40 min.    
b: Data represent the average of three replicates with standard deviation. 
c: The number was from the run at I of 2A and RT of 40 min.  
 
4.3.1.4 Comparison of two-stage EC processes with NBP and BP 

The preferred two-stage EC processes with BP and NBP were compared to evaluate the 
performance of combined EC and BP approach (Table 24). The data presented that there were no 
significant differences on COD and TP removal between two processes. TN removal of the EC 
with NBP (65%) is better than the one with BP (47%) due to the effects of high pH on the 
formation of volatile ammonia nitrogen (released during the EC treatment). The liquid recovery 
of the EC with NBP (55%) was also better than that with BP (34%).  

 
Table 24. Comparison of the selected multiple-stage EC processes with BP and NBP 

Parameter 
Two-stage EC with 

NBPc Two-stage EC with BPd 

COD removal (%)a 94.3±0.5 91.0±1.3 

TP removal (%)a 100 100 
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TN removal (%)a 64.7±6.3 46.9±0.5c 

TSS removal (%)e >99.9 95.9 

TOC removal (%)e 97.4 95.7 

Color reduction (%)e 88.2 88.6 

Liquid recovery (%) b 54.9±1.5 34.0±6.5 

Overall energy 
consumption (kwh/L 

treated solution) 
0.25 0.16 

a: Removal was calculated based on unit volume of solution. Data represent the average of three 
replicates with standard deviation. 
b: Recovery was calculated based on the volume of the initial solution. Data represent the 
average of three replicates with standard deviation. 
c: This set of data was derived from 2nd EC with I of 2A and RT of 40 min. 
d: This set of data was derived from 2nd EC with I of 1A and RT of 40 min. 
e: Data represent the average of two replicates. 
 

As shown in Figure 41, the turbidity and color of EC solution without BP was gradually 
improved from 1st EC to 2nd EC. A transparent and light yellow solution was obtained after the 
2nd EC (Figure 41a). After the biogas pumping, the color of the solution turned into black, and 
the turbidity was higher than the original AD liquid effluent (Figure 41b) that was caused by the 
generation of ferrous sulfide (FeS) and sulfide (S) from reactions of ferric/ferrous ions and H2S. 
The dark color and high turbidity of the BP solution had less influence on the transparency of the 
final treated solution. There was no significant difference on color between NBP and BP treated 
effluent (Table 23). The turbidity of the BP solution after 2nd EC was lower than the NBP 
solution (Table 23). Furthermore, analyses of TSS and TOC also demonstrated that high removal 
efficiencies of TSS and TOC were obtained for both NBP and BP treatments (Table 24). As for 
ionic conductivity, the significant reduction during the 1st EC treatment showed a good removal 
of dissolved solids in the AD effluent (Table 22). Biogas pumping greatly increased the ionic 
conductivity, which indicated that the physiochemical properties of EC solution was changed by 
biogas pumping, and more conductible ions became available. The fine and relatively coarse 
particles were observed in the settlement of the EC with BP, which also indicated that H2S might 
influence the formation of flocculation and clarity of the treated solution during the 2nd EC as 
well. An in-depth study is on-going at the authors’ research group to understand this change. 
Moreover, the EC with NBP (0.25 kwh/L) consumed much more energy than the EC with BP 
(0.16 kwh/L) (Table 24).  

 
(a) 
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(b) 

Figure 41. Turbidity and color change of the solution during electrocoagulation processes 
(a) Left to right: AD effluent, solution after 1st EC, supernatant after 2nd EC. (b) Left to right: 
AD effluent, solution after 1st EC and biogas pumping, supernatant after 2nd EC 
 

Table 25. Mass balance analysis 

Mass balance 
Volume 

(mL) 
TNa (mg) TPa (mg) Feb (mg) S (mg)b 

1st EC 
stage 

Input 
AD effluent 500 616.7 ± 50.3 170 ± 8.7 19.4 ± 1.0 - 

Electrodes loss - - - 2100 ± 100 - 

Output 

1st EC sludge 
&  other loss 

196.7 ± 5.8 344.2 ± 62.4 170 ± 8.7 
2017.8 ± 

79.1 
- 

1st EC solution 303.3 ± 5.8 272.5 ± 48.3 0 
101.6 ± 

37.9 
- 

2nd EC 
stage 
with 
NBPc 

Input 
1st EC solution 500 400.5 ± 2.1 - 142.8 ± 6.7 - 

Electrodes loss - - - 
1333.3 ± 

57.7 
- 

Output 

2nd EC sludge 
& other loss 

47.8 ± 1.9 182.4 ± 14.8 - 
1473.0 ± 

59.1 
- 

2nd EC 
solution 

452.2 ± 1.9 218.1 ± 48.3 - 3.2 ± 0.5 - 

2nd EC 
stage 

with BPc 

Input 
1st EC solution 500 388.5 ± 61.5 - 135 ± 11.3 

3.8 ± 
0.1 

Electrodes loss - - - 
633.3 ± 
115.5 

- 

Output 
2nd EC sludge 
& other loss 

68.3 ± 7.1 105.7 ± 35.4 - 
741.6 ± 
110.3 

- 

2nd EC solution 431.7 ± 7.1 282.8 ± 7.1 - 26.7 ± 8.1 0 
a: Data represent the average of three replicates with standard error; TP data are average of two 
replicates;  
b: Data are from EC treatments on a different batch of AD effluent, and represented the average 
of three replicates with standard error; 
c: 2nd EC condition for NBP group was 2A of I and 40 minutes of RT; 2nd EC condition for BP 
group was 1A of I and 40 minutes of RT. 
 

The mass balance analysis shows that the total iron losses for NBP and BP were 3,433 
and 2,733 mg per run, respectively (Table 25), and over 95% of the consumed iron precipitated 
down and mixed into the sludge for EC with either NBP or BP. Nitrogen removal from the AD 
effluent by EC with NBP and BP were 65% and 54%, respectively (Table 25). Evaporated 
ammonia at high pH during the EC and ammonium/nitrite salts adsorbed by sludge could be the 
main causes of nitrogen removal during the EC. Since the pH for the 2nd EC after BP was lower 
than that after NBP, the nitrogen removal of EC with BP was not as efficient as EC with NBP. 
The sulfur analysis during the EC with BP showed that 1 L of EC solution was capable of 
adsorbing 7.6 mg sulfur in 60 minutes at a biogas flow rate of 0.5 L/min with a H2S 
concentration of 300 ppm, and there were no sulfide ions detected in the solution after 2nd EC 
operation. The H2S absorption data demonstrate that combining EC with BP could have a biogas 
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clean-up capacity of up to 60 L biogas (with a H2S concentration of 300 ppm) per 1 L EC 
solution.  

Combining biogas cleanup and AD effluent reclamation not only demonstrates a potential 
in facilitating EC process by reducing power consumption, but also provides an alternative of 
H2S removal for biogas purification.  Under the preferred conditions, 90% of COD and 100% TP 
in AD effluent were removed. Implementation of the biogas pumping operation reduced about 
36% of overall power consumption compared with that without biogas pumping. This integration 
provides a new approach to simultaneously reclaim AD effluent and remove H2S from biogas, 
which well addresses the downstream challenges of anaerobic digestion and further advances the 
adoption of AD technology on waste management. 
 
4.3.2 Evaluating a bench-scale electrocoagulation unit 

The TS and COD of the feed were 0.75% and 4,600 mg/L. The current applied on the EC 
unit was 19.5 amperes of direct current. Voltage was recorded during the experimental runs. A 
100 ml sample was taken every 30 minutes. During the experimental run, the voltage was 
gradually increased (Table 26). The average voltage was approximate 8.5 volt. The chemical 
analyses present that The COD reduction is inversely correlated with a change in voltage (Figure 
42). As the voltage increased, the COD reduction started to decrease. At the end of the test, the 
drastic change in voltage correlated to a plateau in COD removal. The EC reaction had an overall 
COD reduction of 79.1%. In addition, phosphorus removal was also monitored (Figure 43). The 
EC reaction efficiently removed TP as well (Figure 43). The TP reduction was reached at 92.6% 
during 240 minutes of the reaction. Similar to the TP and COD reduction, TS was gradually 
settled down throughout the experiment (Figure 44). The final TS reduction was 70.5%. The 
corresponding TS in the EC solution was 0.2%.  

 
Table 26. Voltage change of the EC operation 

 
 
 
 
 
 
 
 
 
 
 

 

Time (Min) Voltage (V) Current (A) 

0 7 19.5 

30 7 19.5 

60 7.1 19.5 

90 7.4 19.5 

120 7.6 19.5 

150 8 19.5 

180 8.3 19.5 

210 8.6 19.5 
240 9.3 19.5 
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Figure 42. COD reduction during the EC reaction 

 

 
Figure 43. TP reduction during the EC reaction 

 
Figure 44. TS reduction during the EC reaction  
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4.4 Investigating nano-filtration on potable water generation from EC solution  
4.4.1 EC treatment of AD effluent    

The characteristics of AD liquid effluent and EC treated AD effluent were listed in Table 
27.  After a two-stage EC treatment [65], a transparent solution was obtained, and 97% of COD 
was removed. The COD of the EC treated AD effluent was 330 mg/L. Even though the EC 
treatment demonstrated excellent efficiencies of solid and COD removal, COD in the EC treated 
AD effluent was still higher than the EPA’s wastewater treatment standards. Further treatments 
are needed to remove the residual COD and other compounds in order to meet the EPA’s 
standards.  Membrane-based filtration was therefore employed to remove the COD from the EC 
treated AD effluent. 

 
Table 27. Characteristics of the AD liquid effluent and filtered EC treated AD liquid effluent (post 
vacuum filtration) 

Parameters AD liquid effluent* EC-treated AD liquid effluent 
(post vacuum filtration) 

pH 7.5-8.0 9 
TS (w/w %) 0.90 -- 

COD (mg L-1) 10017 330 
TP (mg L-1) 340 1.18 
TN (mg L-1) 1233 150 

TOC (mg L-1) 2332 100 
 *: The AD liquid effluent for EC pretreatment was made by diluting the raw AD liquid digestate 
five times.  
 
4.4.2 Performance of commercial membranes on the EC treated AD liquid effluent 
 NF 270, NF 90, and BW 30 were tested on the EC treated AD liquid effluent to compare 
their permeability and COD reduction. The experimental data demonstrate that the NF 270 
membrane had the highest pure water flux and solution permeability among the three 
membranes,  while BW 30 showed the highest COD removal (Figures 45 and 46). It has been  
reported that pH of sample has significant influence on the separation behavior of the membranes 
[92]. The original pH of the EC treated AD liquid effluent was around 9.  The pH of the EC 
effluent was adjusted to 3 in order to evaluate the effect of pH on the permeability and COD 
reduction. As shown in Figure 2, NF 270 membrane had higher COD reduction at acidic pH than 
alkaline pH. The solution permeability of NF 270 membrane was also lower at acidic pH than 
alkaline pH (Figure 46b). The remaining two membranes did not show significant (P > 0.05) 
difference in COD reduction under different pH. Both NF 90 and BW 30 had much lower 
solution permeability than NF 270, and there is no significant (P > 0.05) difference on the 
permeability between both membranes under either acidic or alkaline environment (Figure 46b).  

The effect of pH on membranes, especially on NF 270 membrane, can be interpreted 
based on the membrane surface properties as well as characteristics of the EC treated AD liquid 
effluent. NF90 and BW30 are dense non-porous membranes compared to NF 270 membrane, 
which is a loose porous membrane. Even though all three membranes have positive charge at 
acidic conditions and negative charge at alkaline conditions, the responses of the NF 90 and BW 
30 membranes to changes of effluent properties are different than the NF 270 membrane. 
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Natural organic matters (NOM) are present in almost all types of wastewater samples and 
the EC-treated AD effluent is no exception. Total organic carbon (TOC) analysis confirmed the 
presence of organic matter in the EC effluent in a significant proportion (100 mg/l). Among the 
various types of NOMs present in the solution, it has been reported that the humic compounds 
are largely responsible for the pH-dependent behavior of the effluent. [93-96]. As the humic 
compounds play critical roles as electron mediators in microbial electron transfer and respiration 
during anaerobic digestion [97], their concentration in the AD effluent is relatively high, and the 
EC treatment is not able to remove all of them. Consequently, a certain amount of them remain 
in the EC treated AD liquid effluent. Previous studies have shown that at acidic pH, humic 
compounds lose most of their charge resulting in their aggregation[95], and alkaline pH leads to 
their dissolution in the solution. For dense membranes like NF 90 and BW 30, the size changes 
of the compounds have little influence on their performance. This is the reason why there were 
no significant (P > 0.05) differences on COD removal and solution permeability between NF 90 
and BW 30 regardless of pH changes. The NF 90 and BW 30 membranes showed around 92-
95% COD reduction with the COD concentration of approximately 21 ppm in the final filtrate, 
but extremely low solution permeability of around 0.6 l/m2·hr·bar.  

As for NF 270 membrane, it was apparent that both membrane surface properties and 
characteristics of the EC treated effluent had significant influence on the performance of NF 270 
membrane. Under acidic conditions, the humic compounds were inclined to settle down on the 
membrane surface, resulting in lower permeability of the NF 270 membrane at pH = 3 than pH = 
9 (Figure 46a). However, the deposition of humic compounds created an additional layer that 
prevented the passage of the remaining humic compounds and other fine particles in the effluent, 
so that the COD reduction of the membrane was improved (Figure 2). On the other hand, at alkaline 
pH, humic compounds were dissolved in the solution. Relatively large pore size of NF 270 is not 
able to block the dissolved humic compounds and other fine particles, even though there was 
charge-based repulsion between negatively charged humic compounds and NF 270 membrane 
surface. Consequently, the COD removal was greatly reduced and the solution permeability was 
enhanced under alkaline pH conditions. Considering the fact that loose surface structure provides 
some flexibility for the following LbL coating experiments, NF 270 was selected as the underlying 
substrate for fabricating the PEM membranes.  
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               Figure 45. Comparison in COD reduction between the commercial membranes. 
 

 
    (a) 

 
         (b) 

Figure 46. Permeability comparisons between the commercial membranes based on (a) solution 
tested under two different pH conditions and (b) pure water. 

 
4.4.3 Performance of PEM-based membranes on EC-treated AD effluent 
4.4.3.1 [PDAC (0.5 M NaCl)/SPS (0.5M NaCl)] 5.5 multilayer system 

Both PDAC and SPS are strong polyelectrolytes, which remain charged over a wide 
range of pH. 0.5 M NaCl was used as the supporting electrolyte which helps increase the surface 
charge density [98]. The surface charge plays an important role in shaping the rejection behavior 
of these polyelectrolyte-based membranes, especially while dealing with the removal of charged 
species. Under acidic conditions, as the humic compounds lose most of their charge, effect of the 
charge on the outermost layer is minimal.  It was, however, important to learn how the charge on 
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the outermost layer affects the rejection once humic compounds are negatively charged under 
alkaline conditions. Two different PEM multilayer systems were investigated to treat the EC 
treated AD liquid effluent at pH 9: the first one comprising of 5 bilayers of PDAC/SPS ending 
with SPS (negatively charged), and the second one consisting of 5.5 bilayers of PDAC/SPS 
ending with PDAC (positively charged). The experimental data demonstrate that the 5.5-bilayer 
system ending with PDAC had higher COD reduction (~ 84 %) than the system ending with SPS 
(~70 %) (Figure 47). Under alkaline condition, the negatively charged humic compounds bind to 
the positively charged PDAC layer and form an additional barrier layer that helps enhance the 
rejection, while, the system ending with a SPS layer mainly uses charge-based repulsion to reject 
the negatively charged humic compounds. Therefore, under alkaline conditions, the barrier layer 
formation by humic compounds on a positively charged surface is more instrumental in COD 
reduction than charge-based repulsion that occurs with a negatively charged outermost layer. 
Based on the performance results, the multilayer membrane ending with PDAC was chosen over 
the one ending with SPS, and used for the following experiments. The number of bilayers is also 
a tunable factor for the LbL process. 5.5 was the optimal number of bilayers to reclaim the EC 
treated AD liquid effluent and achieve high permeability and rejection.  

 
Figure 47. COD reduction of two PDAC/SPS based modified membranes.  

(-) Bare NF270 or Multilayer assembly on NF270 ending with negatively charged SPS outer 
layer. 
(+) Multilayer assembly on NF270 ending with positively charged PDAC outer layer. 

 
The performance of the PDAC/SPS–based modified membranes was further compared 

with the commercial membranes. The modified membranes showed around 84% COD reduction 
at pH = 9 and 90% at pH = 3 with corresponding COD values of 33 and 51.5 ppm in the filtered 
solution (Figure 48), which were significantly better than the original NF270. Permeability 
experiments demonstrate that the pure water permeability of the PDAC/SPS coated NF 270 
membrane was significantly (P < 0.05) higher than NF 90 and BW 30 membrane (Figure 49b). 
The modified membrane also showed superior solution permeability than BW 30 and NF 90, 
which was approximately 3 times higher than BW30 and NF 90 at pH 3 and 5 times higher than 
BW30 and NF90 at pH 9 (Figure 49a). Similar to the control NF 270 membrane, the PDAC/SPS 
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based membranes also had lower solution permeability at acidic pH as compared to alkaline pH 
(Figure 49a).  As aforementioned, the formation of a barrier layer of humic compounds on the 
membrane surface was a key factor influencing the flux. However, the attachment mechanisms 
of barrier layer under acidic and alkaline conditions are different. Under acidic condition, the 
layer is formed due to the aggregation and settling of the humic compounds on the membrane 
surface. Under alkaline condition, the negatively charged humic compounds adhere to the 
positively charged surface by electrostatic attraction.  Given that the flux is lower under acidic 
condition, we can assume that the barrier layer formed at pH 3 was thicker and denser than what 
was formed at pH 9.  Owing to the thicker barrier layer, the rejection of the membrane was 
higher under acidic condition. The deposition of PDAC/SPS multilayers led to a considerable 
enhancement in the COD reduction compared to the control NF 270 membrane.  The percentage 
reduction was almost equal to that of BW 30 membrane under acidic conditions but lower than 
BW 30 under alkaline conditions. Covalently cross-linked multilayer structure was then studied 
in order to further improve the membrane performance.   

 
     Figure 48. Comparison in COD reduction between the modified membranes and the 

commercial membranes at different pH conditions. 
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(a) 

 
(b) 

Figure 49. Permeability comparisons between the modified membranes and the commercial 
membranes based on (a) the solution using at two different pH conditions and (b) pure water  

 
4.4.3.2 [PAH (pH 8.5)/PAA (pH 3.5)] 5.5 multilayer system 

Since covalent cross-linking can provide a tightly woven network, which is capable of 
blocking unwanted components of wastewater by “sieving “mechanism much more efficiently 
than ionic cross-linking, a covalently cross-linked multilayer structure was coated on the surface 
of the NF 270 membrane. The polyelectrolytes, PAH and PAA, were used to construct such 
coatings.  
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Both PAH and PAA are weak polyelectrolytes that exhibit pH-tunable behavior. When 
PAH is at pH 8.5 and PAA at pH 3.5, they form thick loopy films with inter-penetrated layers 
[99]. The amine groups of PAH and the carboxylic groups of PAA can be reacted to form 
covalent linkages between them. This can be simply done by heating the multilayers up to a high 
temperature (>180 °C) [100]. However, due to the fact that the underlying NF 270 membrane 
cannot tolerate such high temperature, EDC induced chemical cross-linking was applied. [101]. 
A high EDC concentration of 50 mg/ml was used to ensure the desired  cross-linking density 
[101]. In order to enable comparison with the PDAC/SPS –based membrane, the same number 
(5.5) of PAH bilayers was deposited.   

The performance of the PAH/PAA-based modified membrane was presented in Figure 5.  
The COD reduction was between 91-95% under both acidic and alkaline conditions, and the final 
COD concentration was not significantly (P > 0.05) different from that of BW 30 membrane. 
This could be attributed to a tight dense polymeric network that was formed by crosslinking 
PAH (pH 8.5) and PAA (pH 3.5), which is capable of completely blocking the passage of the 
unwanted components. The pure water permeability of the PAH/PAA membrane was the lowest 
among the tested membranes (Figure 49b), while the solution permeability at both pH conditions 
was higher than BW 30 and NF 90 membranes (Figure 49a).  The thick layers of PAH/PAA 
coating contributed to the low pure water permeability of the modified membrane. In spite of 
having a lower pure water flux, the PAH/PAA coated NF 270 membrane showed 1.7 times 
higher permeability than the BW 30 membranes. It might be caused by lower fouling propensity 
of the PAH/PAA coated membrane in comparison to the commercial RO membranes. In 
addition, due to the tight dense polymeric network and thick layer of the coating, the deposition 
of an additional layer of humic substances by pH changes did not contribute much to the 
rejection. Therefore, there were no significant differences on COD reduction and solution 
permeability between acidic and alkaline conditions. Compared to the PDAC/SPS system, the 
PAH/PAA multilayer membrane had the same COD reduction (P > 0.05) at acidic pH, but higher 
reduction at alkaline pH (P < 0.05). The flux was however, lower than the latter system. 
However, the pH-independent characteristics of the PAH/PAA multilayer system makes it very 
useful for treating the EC treated AD liquid effluent. This eliminates the need of adjusting pH of 
the wastewater solution for the treatment, and in turn prevents severe fouling by humic 
compounds under acidic conditions.  

The ratio of solution flux over initial pure water flux could be used as a criterion to evaluate 
anti-fouling property of different membranes. A higher ratio indicates better fouling resistance 
offered by the membrane surface. The PEM membranes (PDAC/SPS and PAH/PAA) showed 
better anti-fouling than their commercial counterparts (Table 28).The creation of anti-fouling 
surfaces by the deposition of polyelectrolytes has been reported earlier as well [102-105].  Among 
all the membranes, the PAH/PAA-based membranes had the best anti-fouling performance under 
both pH conditions. In this context it should also be noted that, apart from humic compounds, 
NOMs also consist of a significant hydrophilic fraction that can lead to irreversible membrane 
fouling[106]. Membranes with a higher degree of hydrophilicity are therefore more prone to 
organic fouling[107]. This could be one of the reasons for the PAH/PAA membrane (contact angle 
around 59°) having lower organic fouling propensity than the more hydrophilic PDAC/SPS system 
(contact angle around 37°).  
 
Table 28. The ratio of the average solution flux to the average initial flux for commercial 
membranes and the PEM membranes* 
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Membranes Js (50)/Jw (0) at pH = 3  Js(50)/Jw(0) at pH = 9  

 NF 270 0.201 0.382 

NF 270 modified with 
(PDAC/SPS)5.5 

0.315 0.500 

NF 270 modified with 
(PAH/PAA)5.5 

0.678  0.829 

NF 90 0.125 0.157 

BW 30 0.209 0.193 

Js(50) :  The solution flux of the membrane measured by calculating the time taken to filter 50 ml 
of the permeate solution 
Jw(0) : The pure water flux or the initial flux of the membrane 
*: Both the fluxes were normalized with respect to the pressure applied during the measurements 
 

With the combination of EC and membrane filtration, the color of the AD effluent was 
completely removed (Figure 50). This is important from the point of view of producing potable 
water. The EC process greatly removed the majority of the COD and TS in the AD effluent. The 
following membrane filtration step further decolored and cleaned the EC treated AD effluent. A 
relatively low energy-demand high-strength wastewater treatment is therefore achieved.  
 

 
Figure 50. Color change of the solution following different treatment stages 

 Left to right:  AD effluent, EC effluent and membrane filtrate. 
 
4.4.4 Effect of the coating properties on the membrane performance 
4.4.4.1 Thickness of the PEM coatings 

The thickness of the coatings plays an important role in determining the permeability of 
the modified membrane. The strong polyelectrolytes PDAC and SPS are fully charged 
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irrespective of pH conditions. The strong ionic linkages between the positively charged PDAC 
backbones and negatively charged SPS lead to the formation of very thin flat coatings (Table 
29). The addition of NaCl increases the surface charge density by virtue of “extrinsic charge 
compensation” within the polyelectrolytes [108]. This, however, increases the thickness of the 
films [109]. PAH and PAA exhibit pH dependent ionization behavior. PAH is around 50% 
ionized at a pH of 8.5, and PAA is only about 10% ionized at pH of 3.5 [110].  Since they are 
only partially charged, they arrange themselves in a coiled conformation along with a high level 
of interlayer diffusion to enable charge compensation [99], which leads to thick loopy films with 
a high degree of swelling.  Crosslinking polyelectrolytes was used to reduce the swelling and 
corresponding thickness [111]. It is apparent that thickness of the coatings directly affects the 
permeability. The thicker PAH/PAA coatings had lower initial permeability than the PDAC/SPS-
based coatings. 
 
Table 29. The thickness values of the two types of polyelectrolyte coatings on NF 270 membrane  

Type of coating Thickness (nm) 
[PDAC (0.5M NaCl) / SPS(0.5M NaCl)] 5.5 28.70 ± 4.66 

[PAH (pH 8.5) / PAA (pH 3.5)]5.5 134.15 ± 9.87 

 
4.4.4.2 Surface charge of the PEM coatings  

Surface zeta potential of membranes plays an important role in determining the 
membrane rejection properties. The zeta potentials of all three commercial membranes as well as 
two modified membranes under three different pH conditions (acidic, neutral and alkaline) are 
listed in Table 30.  

 
Table 30. The streaming potential data for the commercial membranes and the modified 
membranes as a function of pH* 

 
Membrane 

Surface zeta 
potential (mV) 

@ pH 3 

Surface zeta 
potential (mV) 

@ pH 7 

Surface zeta 
potential (mV) 

@ pH 9 

NF 270 5.54 ± 0.13 - 4.17 ± 1.89 -21.35 ± 0.36 
NF 270 modified 

with (PDAC/SPS)5.5 
20.38 ± 1.66 29.24 ± 2.45 20.07 ± 5.86 

NF 270 modified 
with (PAH/PAA)5.5 

20.50 ± 4.47 12.83 ± 2.30 10.26 ± 3.36 

NF 90 20.91 ± 0.99 - 15.74 ± 0.09 -15.33 ± 0.23 
BW 30 12.70 ± 3.80 - 4.70 ± 1.45 -3.66 ± 0.45 

*: Data represent average of three replicates with standard deviation.  
 
The PEM membranes remain positively charged throughout the entire pH range of 3-9, 

unlike the commercial membranes. For the PDAC/SPS system, the outermost PDAC layer 
remained almost fully ionized and therefore imparted positive charge to the membrane outer 
surface in the tested pH range, which leads to small variation between different pH conditions 
(Table 30). For the PAH/PAA system, the effect of pH is much more complicated since both 
polyelectrolytes have pH dependent ionization. When exposed to a pH of 3, the outermost PAH 
layer was fully ionized and therefore had the highest positive charge. With the decrease in 
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percentage ionization, the surface zeta potential also decreased as the pH was increased (Table 
30). However, this polyelectrolyte system has much more complicated phenomena associated 
with it like the inter-diffusion of polyelectrolytes [112] and shifting of the pKa value of the 
polyelectrolyte [110] when incorporated within the multilayer assembly. Besides, the effect of 
cross-linking on the ionization of the weak polyelectrolytes not been thoroughly studied to date. 

The results concluded that combining electrocoagulation and membrane separation is 
able to efficiently reclaim a high-strength wastewater - AD liquid effluent. The pH of the 
wastewater solution played a pivotal role in determining the performance of the membranes 
mainly due to the NOMs in the EC effluent. Both PDAC/SPC and PAH/PAA based membranes 
had better solution permeability than the commercial reverse osmosis membrane (BW 30). The 
PAH/PAA-based membrane showed better COD reduction than the PDAC/SPS based membrane 
and equal reduction as BW 30 membrane. Both polyelectrolyte-based membranes had much 
lower fouling propensity than the commercial membranes, which provides a potential 
membrane-based solution to treat high-strength wastewater.    
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4.5 Evaluating performance of the pilot-scale system 
4.5.1 Biogas production 

Figures 51 and 52 illustrate the performance of the upflow fixed-film digesters during a 
12 weeks continuous operation. With 60 L feed (2.2% TS, 1.86% VS, 2,001 mg/L TN, and 690 
mg/L) per day, average biogas production of 787 L per day was achieved with a corresponding 
methane content of 68% (methane production of 549 L per day) (Figure 51). The TS and VS 
were reduced to 0.68% and 0.44% in the AD effluent, respectively (Figure 52). The TS and VS 
removal of 71% and 76% were achieved by the uplfow fixed-film digesters.  Correspondingly, a 
methane productivity of 644 L/kg VS reduced was achieved. The pH of the digestion was steady 
at 7.9 and no external pH adjustment was needed, even though the feed had a relatively low pH 
at 5.5. The strong buffer capacity indicates that stable and robust anaerobic microbial 
communities have been established in the pilot upflow fixed-film digesters.  

 
Figure 51. Biogas production of the upflow fixed-film digesters 

 

 
Figure 52. TS and VS changes during the digestion 
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 Besides the continuous digestion test, the stability of the digestion has been studied as 
well. The effects of feeding and temperature on biogas production were tested. Figure 53 shows 
the effects of feeding on biogas production. The biogas production dropped to 67 L/day a week 
after the feeding was stopped. The feed was resumed after three weeks of no feeding. The biogas 
production quickly came back to 702 L/day in two weeks. In addition, the effect of temperature 
on the biogas production was also studied (Figure 54). Reducing the culture temperature to 20°C 
negatively impacted the biogas production. One week after the temperature change, the biogas 
production was dropped to 240 L/day while the feeding was still maintained at 60 L/day. After 
three weeks culture at 20C, the temperature was raised back to 35°C. The biogas production was 
gradually increased back to 741 L/day. Both tests clearly demonstrate that a robust culture was 
achieved by the upflow fixed film reactors, which is a critical factor for FOB operations 
considering both temperature variation and feed instability.  

 
Figure 53. The effect of feeding on digestion stability 

 
Figure 54. The effect of temperature on digestion stability 

 
4.5.2 Water reclamation 
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Even though the anaerobic digestion converts a significant portion of VS into biogas, the 
AD effluent from the digester still has very high nutrient contents. TS, COD, TN, and TP were 
0.68%, 5,140 mg/L, 633 mg/L, and 340 mg/L, respectively (Table 31). Additional treatment is 
needed to generate potable water from the AD effluent. The EC and membrane filtration were 
combined to carry out the task. The bench-scale EC operation demonstrated that EC is effective 
on removing COD, TS, and TP. The pilot-scale EC used 20A DC to run the EC. The voltage 
stayed at ~10 V. The treatment time was 5 hours. After liquid/solid separation of the EC-treated 
effluent, TS, COD, TN and TP in the EC water (the supernatant) were reduced to 0.05%, 614 
mg/L, 633 mg/L, and 0 mg/L, respectively. The pathogen indicators of total coliform, E.coli, 
Enterococci, and Coliphage were also significantly reduced (Table 31). With the removal of the 
nutrient and pathogens, the water was reclaimed. The NTU of the EC water is 60. However, the 
water quality still did not satisfy the standards of the potable water.  

The three-unit membrane unit (one ultra-filtration, one nano-filtration, and one RO) was 
then used to treat the EC water and generate the potable water (the filtration unit was set up at 
the lab once the data was generated in this section). NTU, COD, TP, and TN were further 
reduced to 1, 3 mg/L, 0 mg/L, and 1.5 mg/L (Table 31). The removal of the pathogen indicators 
all exceeded 99.9999% (Table 31). The potable water has been achieved. However, the filtration 
unit was small (low pressure and slow flow). The water recovery was 50%, which is much lower 
than large, commercial scale filtration unit.     
 

Table 31. Water quality data from integrated treatment facility. 
 
4.5.3 Energy generation and consumption 

The temperature profile of the digesters and heat storage demonstrates that the heat 
generated from solar and biogas energy can maintain the required digestion temperature (Figure 
55). The hot water was maintained at 45±5°C, and the temperature of two reactors were 
maintained at 35±1°C. The solar and biogas thermal energy kept the temperature of the 160 L 
hot water storage tank in the range of 40 to 45°C, which holds enough thermal energy to 
maintain the digester at a temperature of 35°C. The temperature profile clearly indicates that the 
size of the solar and biogas production is sufficient to satisfy the thermal energy demand of two 
300 L upflow fixed-film anaerobic digesters.  

 

Parameters AD effluent EC-treated water Potable water after filtration 

Total solid (w/w %) 0.68 0.05 - 

NTU - 60 1 

COD (mg/L) 5140 614 3 

Total phosphorous (TP) (mg/L) 340 0 0 

Total nitrogen (TN) (mg/L) 633 300 1.5 

Reduction of total coliform (%) - 99.8 > 99.9999 

Reduction of E. coli (%) - 99.6 > 99.9999 

Reduction of Enterococci (%) - 86.5 > 99.9999 

Reduction of Coliphage (%) - 67.9 > 99.9999 
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Figure 55. Temperature profile of the digesters and hot water storage tank of the pilot 

operation (the data were from February 24, 2017) 
 
The overall energy consumption of the entire system is demonstrated in Figure 56. In a 

cold February, half of the month were raining, snowing, and cloudy days. The environmental 
temperature were changed dramatically between -10 to 15°C. The monthly energy demand of the 
pilot operation was 438 kWh. While, solar and bio energy generated 327 and 151 kWh/month, 
respectively. Neither of them alone was enough to cover the energy demand. Considering the 
advantages and disadvantages of solar and biogas energy (solar is instable but high generation, 
biogas is stable but less production), the pilot operation has proved that combining solar and 
biogas energy is a good solution to address this issue. The total energy generation from the 
combined solar and biogas unit operation was 479 kWh/month, which was more than the 
operation demand of 438 kWh. In addition, the unit also generated 41 kWh extra energy that 
could be used for other on-site applications.     
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Figure 56. The energy profile of the pilot unit 
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4.6 Conducting a detailed technical and economic analysis on the system 
4.6.1 Technical analysis 

The mass and energy balance analysis was conducted on a 150 personnel expeditionary 
contingency base using the experimental data obtained from the pilot unit for two cases of 1) PV-
AD-EC-aeration for non-potable water generation and 2) PV-AD-EC-filtration for potable water 
generation (Figure 57 and Table 32). The food wastes was mixed with black water. The amount 
of the mixed wastes is 3,160 kg per day (including 160 kg food wastes with 70% moisture 
content and 3,000 L black water). The TS and VS of the mixed feedstock are 1.5% and 1.27%, 
respectively. The system components of the PV-AD-EC-filtration case are described in Table 7. 
The system components of the PV-AD-EC-aeration case are similar with the case of the PV-AD-
EC-Filtration one except the filtration unit was replaced by a simple aerobic treatment unit. A 
12-hour aeration can remove majority of COD and TN in the EC solution and achieve a water 
with 62 mg/L COD, 30 mg/L TN, and 10 NTU. The treated water can be used for laundry and 
other non-portable uses. The energy consumption for 12-hour aeration was 1.73 kWh-e/m3 
solution [113].      

With a HRT of 10 days, the AD reduces 76% and 71% of VS and TS, respectively. It 
generates 19,673 L/day methane from the mixed wastes. Biogas is stored in a biogas bag for 
electricity and heat generation. The AD effluent from the upflow fixed-film digesters is sent to 
the EC unit to remove the residual TS, and reclaim the water. 3,097 L/day reclaimed water is 
obtained from the EC operation. The EC unit also generates 2.5 kg sludge with 5% TS. After the 
EC treatment, the combination of PV-AD-EC-aeration uses the aeration to turn 3,097 L EC 
solution into 2,787 L non-potable water (Figure 57a). The combination of PV-AD-EC-filtration 
applies the ultra/nano/RO-filtration to produce 1,548 L potable water. Due to the fact that the 
filtration unit is a low pressure unit, the rejected water is high at 1,548 L.   
 

 
(a) 



104 
 
 

 
(b) 

 
Figure 57. Predicted mass balance of the systems for a 150 personnel expeditionary contingency 

base * 
a. The self-sustaining system with the aerobic treatment unit; b. The self-sustaining system with 
the filtration unit  
*: The data for AD, EC, and filtration were based on the experimental results from the pilot unit. 
The aeration data were based on the reference.  
 

The energy balance analysis further compared net energy outputs of these two 
combinations for the 150 personnel expeditionary contingency base (Table 32). 23 m2 PV panels 
generate 12 kWh-e/day electricity (in a winter months at East Lansing, MI). The upflow fixed-
film digester generates 52 and 104 kWh-e/day of electricity and heat, respectively. The heat 
requirement to heat the feed and maintain the digester temperature is 91 kWh-e/day. The 
electricity demands for AD, EC, and other uses are 10, 17, and 10 kWh-e/day, respectively. The 
filtration unit requires 22 kWh-e/day electricity to operate it. The aeration unit needs 5.2 kWh-
e/day to power the aeration pump. In order to maintain a routine operation in cold and cloudy 
winter of northern climate, 59 and 91 kWh-e/day of electricity and heat are needed, respectively, 
by the PV-AD-EC-Filtration combination. The same heat (91 kWh-e/day) but much less 
electricity (32 kWh-e/day) are required by the PV-AD-EC-Aeration combination due to the fact 
that aeration demands much less electricity than membrane filtration unit (particularly RO unit). 
The net electricity and heat balances of both combinations are positive. However, without solar 
energy, the electricity balance of the PV-AD-EC-Filtration would be negative, which means that 
the system with solar panel cannot be self-sustained. With the implementation of PV panel, the 
PV-AD-EC-Aeration system has a much higher net electricity output (22 kWh-e/day) than the 
PV-Ad-EC-Filtration system (5 kWh-e/day), though, the potable water cannot be achieved by the 
PV-AD-EC-Aeration system. The energy balance clearly demonstrates an advantage of the 
integrated systems to self-sustainably treat the food wastes and black water for forward operating 
bases. 
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Table 32. Energy balance a 

Unit operations 
PV-AD-EC-Filtration PV-AD-EC-aeration 

Electricity (kWh-
e/day) 

Heat (kWh-
e/day) 

Electricity 
(kWh-e/day) 

Heat (kWh-
e/day) 

Energy 
generation 

Solar energy (kwh-
e/day) 

12 - 12 - 

Biogas energy (kwh-
e/day) 

52 104 52 104 

Energy 
consumption 

AD operation(kwh-

e/day)
 b

 
-10 -91 -10 -91 

EC operation -17 - -17 - 
Membrane filtration -22 - - - 
Aeration - - -5 - 
Other electricity uses c -10 - -10  

Net energy output 5 13 22 13 
a: The positive numbers are energy generated. The negative numbers are energy consumed.  
b: Electricity demand of the AD operation is for feedstock grinding, liquid transfer, and pump 
mixing. Heat demand of the AD operation is for maintaining the digester temperature. 
c: Other uses include control panel, ventilation, control units, and computers.  
 
4.6.2 Economic analysis 

Economic feasibility is another critical factor that determines commercial applicability of 
a technology. Therefore, an economic assessment was carried out to examine CapEx, OpEx, and 
revenue of the solar-bio-nano-based wastewater treatment system. As it is presented in Table 33, 
the CapEx of PV-AD-EC-Filtration and PV-AD-EC-Aeration systems are $265,000 and 
$262,000, respectively. Among the units on the CapEx list, PLC and system installation are the 
most expensive ones ($70,000 and $50,000, respectively) due to the requirement of a compete 
automation. The OpEx of the systems are mainly for maintenance. The maintenance cost 
($15,000) for the PV-AD-EC-Filtration includes oil changes of pumps, filters for engines, and 
membrane cleaning and replacements. The PV-AD-EC-Aeration system has less maintenance 
cost ($7,500) since it does not need high-pressure pumps and expensive membrane replacement. 
For both systems, the labor cost is not needed since the system is a fully automatic unit. 
Occasional check-up may be required, though, it is not a routine job. An alarm system is 
installed, so that messages will be sent to the responsible person if any event requires immediate 
attention.  

As for the revenue, since the PV-AD-EC-Filtration system generates potable water, the 
revenue of the system considered the offsets from fully burdened cost of fuel and water. Under 
the simulated operation scale of 3,160 L feed with 1.5% TS per day, the system can generate 
$22,195 revenue per year from the energy and water savings. A net positive revenue of $7,195 
per year is realized after considering the annual maintenance cost. The PV-AD-EC-Aeration 
system produces non-potable water. The half burdened cost of water is used to calculate the 
revenue from non-potable water. Under the same operation sale with the PV-AD-EC-Filtration, 
the system generates $16,950 revenue per year. A positive net revenue of 9,450 is also achieved, 
which is higher than the PV-AD-EC-Filtration system. The cash flow analysis further indicated 
that under the current operational conditions, the payback periods of the PV-AD-EC-Filtration 
and PV-AD-EC-Aeration systems for 150 personnel base are 30 and 24 years (Figure 58). 
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Table 33. Economic analysis 

 The system with filtration 
unit 

The system with 
aeration unit 

Capital expenditure (CapEx)   
23 m2 PV panel and battery $25,000 $25,000 
40 ft container $25,000 $25,000 
Feeding unit (grinder and housing) $5,000 $5,000 
15 m3 Upflow fixed film digester 
(supportive platform, vessel, insulation, 
and Pall rings) 

$25,000 $25,000 

Biogas utilization unit (gas bag and 
engines) 

$30,000 $30,000 

3 m3 EC unit $10,000 $10,000 
2 kW centrifuge $20,000 $20,000 
Filtration unit with water storage tank $5,000 - 
0.5 kW aeration fan with aeration vessel - $2,000 
PLC with automatic valves, sensors, and 
flow meters 

$70,000 $70,000 

System installation a $50,000 $50,000 
Total CapEx cost $265,000 $262,000 

Revenue   
Energy saving b $18,232 $14,974 
Water saving c $3,963 $1,976 

Operational expenditure (OpEx)   
Maintenance $15,000/year $7,500 
Labor cost d $0/year $0 

Net Revenue   
Net revenue (only considering the revenue 
from the energy and water saving) 

$7,195 per year $9,450 per year 

a. The cost of system installation is not included in the depreciation calculation. 
b. The energy saving is based on the fully burdened cost of fuel ($0.333/kWh-e) to be 

delivered to the bases. The unit is changed to energy content (from gallon diesel fuel to 
kWh). It is based on $11.70/gallon diesel [2]. The energy consumption of the treatment is 
163 kWh-e/day.  

c. The potable water saving is based on the fully burdened cost ($2.64/L) of water to be 
delivered to the bases [2]. The non-potable water saving is based on the half burdened 
cost ($1,34/L) of water to be delivered to the bases.   

d. It is fully automatic, and requires minimum routine operation.  
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(a) 

 
(b) 

Figure 58. The cash flows of the integrated systems for a 150 personnel base 
(a). The PV-AD-EC-Filtration system; (b) The PV-AD-EC-Aeration system 
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5. CONCLUSIONS AND IMPLICATIONS FOR FUTURE RESEARCH 
5.1. Conclusions 

The project conducted a comprehensive research on solar-bio-nano-based wastewater 
treatment system. The special efforts were given on solar-bio-hybrid energy generation and 
system integration. A self-sustaining solar-bio-nano-based wastewater concept has been achieved 
by this project. A pilot-scale unit integrating all components have been successfully 
demonstrated using the food wastes and black water. The results include that the self-sustaining 
system is scalable and robust under different feeding and operational conditions. The main 
conclusions from this research are listed as follow.  
 A high-efficient, robust digestion to treat food wastes and black water has been concluded. 

Including both biofilm and concentrated anaerobic sludge in the digester significantly 
enhanced the digestion performance.  

 A novel EC concept combined with biogas clean-up has been accomplished to improve 
biogas quality (reducing the burden on biogas engine) and enhance the efficiency of EC 
treatment.  

 The solar-bio-hybrid energy solutions (PV/biogas and concentrated-solar-power/biogas) have 
been comprehensively studied. PV-bio-hybrid unit has been selected to be implemented at 
the pilot scale due to its simplicity and synergy with biogas regarding the demands on heat 
and electricity from the system.  

 New solar thermal receivers using Fresnel lens have been developed and studied. It is a good 
solution to significantly reduce the weight and size of the currently available concentrated 
solar thermal technologies. It provides a possible route to be used in a small-scale CSP-bio-
hybrid system. However, Efficiency and robustness of currently available small-scale steam 
and gas engines limit such applications. 

 The detailed technical and economic analysis on two system configurations of PV-AD-EC-
Filtration and PV-AD-EC-Aeration concluded that the PV-AD-EC-Filtration configuration 
can convert blackwater and food wastes into potable water with higher energy consumption 
and longer payback period, and the PV-AD-EC-Aeration has better performance on energy 
consumption and payback period, but generate low-quality non-potable water. Dependent on 
different applications, FOBs can choose different configurations to treat their wastewater and 
food wastes.       

 
5.2. Potential applications for military operations 

Besides system integration of blackwater and food waste treatment, the project studied 
three individual unit operations. Different combinations of these unit operations could satisfy the 
different needs of FOBs. For instances, if a FOB just needs energy generation to replace some 
diesel consumption, a system with PV and AD using blackwater and food wastes as the source 
could be implemented. If a FOB wants both renewable energy and potable water, they have to go 
with the configuration with PV, AD, EC, and filtration. Other case scenarios are listed in Table 
34.  
 
Table 34. Different system configurations for potential FOB applications a 
Wastewater 
source 

Application Configuration 
PV AD EC Aeration Filtration 

Energy generation only X X    
Non-potable water production only  X X X  
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Blackwater 
& food 
wastes 

Potable water production only  X X  X 
Energy & non-potable water 
production 

X X X X  

Energy & potable water production X X X  X 
Graywater Non-potable water production only   X X  

Potable water production only   X  X 
a. “X” means the selected unit operation.  
  
5.3. Future research and development 

Built upon the foundation from this project, future research and development should be 
focused on the following topics.  
 Small-scale steam engines (less than 30 kW) needs to be developed to accommodate the need 

of small-scale concentrated solar thermal power generation as well as small-scale biogas 
power generation.  

 System optimization studies are needed to further refine the integrated process and improve 
system efficiency.    

 Detailed microbial study on the microbial communities in fixed film, solution, and sludge 
need to be delineated, so that the digestion can be further optimized to have better 
solid/liquid separation performance.  

 A deployable unit should be developed to study the effects of real operation and climate 
conditions on the system.  
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