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The research addendum should be complete, but does not necessarily need to be long. Each
project should include the following information:
1.

Abstract - Summarize the research and its essential qualities including a clear
statement on the purpose of the research.
The long term goal of this project is to promote and establish sustainable agriculture
in Minnesota (and in US as well) by recycling agricultural production wastes into
renewable products, thus protecting the environment and conserving natural
resources. This goal will be accomplished by developing a novel system to co-treat
swine manure with sugar beet processing wastewater (molasses) to produce
biohydrogen, biomethane, a slow release fertilizer (struvite), and a derivative
combustion engine fuel called "biohythane" that is more environmentally friendly than
methane during combustion. Specific objectives include 1) determining the optimal
operating values of swine manure to molasses ratio, hydraulic retention time (HRT),
and pH for a biohydrogen fermenter to maximize biohydrogen production; 2)
determining the optimal operating values of organic loading rate, pH and HRT for an
upflow anaerobic sludge blanket (UASB) biomethane digester receiving the effluent
from the biohydrogen fermenter to maximize biomethane generation and for the
effectiveness in COD reduction; 3) developing an absorption reactor to remove CO2
from the biogases from either the biohydrogen fermenter or biomethane digester
using alkaline chemicals as an absorbent; 4) developing a process to recover
nitrogen and phosphorus in the digestate by forming struvite; and 5) based on the
lab-scale setup, building and evaluating a pilot-scale system consisting of a
biohydrogen fermenter, a UASB biomethane digester, a CO2 removal reactor, and a
struvite precipitator to co-treat swine manure and sugar waste molasses. The
proposed project addresses the issues raised in E(5) in the 2014 funding priorities.

2.

Background - Provide the basic information and other relevant work that are the
context for this research.
Minnesota is ranked #2 in hog production and #1 in sugar beet production in the
nation, which generate about 11 million tons of pig manure and over 1 million tons of
sugar processing wastes annually. Up to this date, there are no cost-effective
methods available to deal with (or beneficially use) these waste streams
environmentally and resourcefully other than land application that lead to polluting
issues in many places in the state due to the buildup of nutrients (nitrogen and
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phosphorus) in the soil receiving these two wastes such as surface and ground water
pollution due to nutrients runoff and/or leaching from overloaded soils. In early 2012,
Minnesota became the nation's first test site for a novel federal program designed to
stem the flow of agricultural pollution to water resources (http://phys.org/news/201201-strategy-farm-runoff-minnesota.html). Needless to say, this sounds an alarm that
immediate actions must be taken to treat these wastes. However, treatment alone is
not only expensive but fails to recover the resource values of both waste streams.
Therefore, new technologies need to be developed to accomplish the dual goals of
treatment and reuse and the proposed research project will fill the blank and provide
the following benefits to the Minnesota agricultural industries and natural resources
conservation.
• Reduce/eliminate the impact of land application of over 1 million tons of sugar
processing wastewater that threatens water resource
• Reduce/eliminate the impact of land application of over 11 million tons of pig
manure that increases surface and groundwater pollution
•

Save $10 million for sugar beet processers annually for wastewater treatment

• Generate bio-electricity of 143 million kWh ($9.72 million) yearly from the two
waste materials
• Reduce greenhouse gas (CO2) emission by 57% when combustion engines are
run on “biohythane” produced from biohydrogen and biomethane (equivalent to 27
million gallons of diesel that can be produced annually)
• Produce 15,560 tons of ammonia/phosphate fertilizer (struvite) annually ($5 mil
value)
3.

Hypothesis - State the premise or propositions set forth to explain and achieve the
described outcome of the research.
The hypothesis of this project is that the proposed treatment system (Figure 1) will
successfully treat two waste streams in one process and increase bioenergy
production and generate a valuable fertilizer at the same time. In fact, the two
wastes, pig manure and sugar beet processing wastewater (containing molasses),
have complementary nutrients, one having all the nutrients but sugar for biological
activities, while the other having residual sugar which is an ideal carbon source
highly needed in biological processes such as fermentation and anaerobic digestion.
Our early study showed that using swine manure alone was found to be ineffective in
biohydrogen fermentation, and a sugar source, such as glucose, needed to be
added at 10g/L to the culture media due to the lack of sufficient sugars in the manure
for the fermentative bacteria. Following that line, a trial study was conducted using
sugar beet processing waste molasses to replace glucose in the fermenter liquid.
The amount of molasses added was determined based on its sucrose content to
match the amount of glucose used in the early study, i.e., 10 g/L. Preliminary results
showed an improvement in maximum biogas production rate as opposed to that from
the glucose study. This finding clearly indicates that replacing glucose with a sugar
containing wastewater as a carbon source is as effective, if not more, in biohydrogen
fermentation. Similarly, fermenting molasses alone without swine manure was also
found to produce little biohydrogen due to the lack of all the other nutrients, which
evinced the importance and necessity of using co-substrates. For methane
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production, the separated two-stage process proposed herein, acidogenesis/
acetogenesis followed by methanogenesis can increase methane yield by 22% as
opposed to the one-stage process (digestion alone) due to separate control of the
fermentation conditions, accompanied by an increase in total energy efficiency from
51% to 65% according to literature reports. For the chemical scrubber study, CO2 in
the biogas will be transferred from the gas to the gas/liquid interface, and then to the
bulk of the liquid phase, where reactions take place following two steps: 1) CO2 +
2OH-  CO32- + H2O and 2) CO2 + CO32- + H2O  2HCO3-. All that needs for this
process to happen is the close contact of the absorbent with the gases to be
removed in the biogas. To date, application of chemical absorption in biogas
cleaning is quite rare, even more so in the agricultural sector. As such, the proposed
work will be among the first attempt to investigate the technical feasibility of this
concept and its application by developing a lab-scale (followed by a pilot scale),
packed bed column reactor using NaOH as the absorbent to capture CO2 in the
biogases from both the biohydrogen fermenter and the biomethane digester. The last
component in the treatment system is the struvite precipitation. As a matter of fact,
the effluent resulting from anaerobic digestion is a better candidate for struvite
precipitation than raw wastes because, to form struvite, the ions, Mg2+, NH4+, and
PO4+, must be available in an alkaline solution and in sufficient concentration to
provide an adequate precipitation potential. However, in the raw wastewater from
animal feeding operations, there is always a shortage in aqueous Mg2+ and reactive
phosphorus (PO4+), making the struvite precipitation process unable to proceed since
the product of the ion concentrations is below the struvite solubility product. After
anaerobic digestion, the amounts of these two ions in the digested swine manure
can be increased considerably, potentially leading to high removal rates for both
ammonium and phosphorus from agricultural wastewaters, which constitutes the
basis for the proposed technique. Based on the above analysis, it can be concluded
that the hypothesis of this research proposal is practically and theoretically
achievable upon completion of the project.

Figure 1. The flowchart of the proposed treatment system
4.

Methodology - Describe the methodology to be employed to carry out the proposed
research. Including descriptions of the sample design(s), if applicable.
Methods for specific objective 1 (biohydrogen fermenter)
Experimental apparatus: A lab-scale anaerobic sequencing batch reactor (ASBR)
system will be built with reference to the ones developed in the early work at the
University of Minnesota Southern Research and Outreach Center (SROC) at
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Waseca (Figure 2). The reactor body will be a polyethylene jar, 8 L in total volume
with a working volume of 4 L. The reactor will be placed on a hot plate stirrer that
maintains the temperature (37oC) of the mixed liquor content in the reactor and the
complete-mix condition will be achieved by using a peristaltic pump circulating the
liquid through the reactor assisted by an internal magnetic stirrer. Mixing also
reduces biohydrogen inhibition on the bacteria generating biohydrogen. The pH
inside the reactor will be controlled by a pH controller that adjusts the liquid pH by
turning on and off two peristaltic pumps that add either hydroxide (supplied as 1.0M
NaOH) or acid (supplied as 1.0M HCl) to the reactor. The prepared influent (mixture
of manure/sugar waste molasses) as substrate will be stored in a 20 L influent tank
with a mixer, and the fermented liquid discharged into an effluent tank of the same
size. The influent and effluent flows will be regulated by peristaltic pumps in order to
adjust the hydraulic retention time (HRT). A computer system will be used including a
programmable control module (Campsci CR1000) with its software (Campsci PC400)
installed on the computer capable of repeating a programed cycle operation in a time
sequence. The reactor will be seeded with a volume of 400 mL heat-treated
biohydrogen-producing sludge obtained from a local wastewater treatment plant at
Waseca, MN. The heat treatment by boiling the sludge at 100oC for 15min is to
inactivate thermal-susceptible methane-producing species and other nonbiohydrogen-producing bacteria in the sludge.

Figure 2. Schematic of the biohydrogen fermenter
Experimental design: The ASBR will be run on 4-h cycles with 2.5 min each for
feeding and discharging, 30 min for settling, and 205 min for reaction. Our previous
research results indicated that pH played a key role in fermentative biohydrogen
production and different substrates might have different optimal pH values. The
same can probably be said of hydraulic retention time (HRT) as well. Therefore, in
this study, an extended range of pH (4.7, 5.0, 5.3, 5.6, and 5.9) and HRT (8, 12, 16,
20, and 24) will be investigated to determine the optimal combinations corresponding
to high biohydrogen production. The amount of sugar waste molasses added to
swine manure (the mixing ratio) will also be a variable in this study. Based on our
trial results, five ratios of manure to molasses will be tested initially and more may be
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added during the experiment if needed. These five ratios will be represented by
varying manure total solids content (TS) while keeping the sugar concentration in the
mixed substrate constant, i.e., 10 g/L (calculated based on the sucrose content in the
molasses). The five manure TS contents to be tested include 0.5, 1.0, 1.5, 2.0, and
2.5% (corresponding to TS to molasses ratios of 0.5, 1.0, 1.5, 2.0, and 2.5, given 10
g/L = 1%). The manure TS range selected is typical for the liquid swine manure from
pit recharge and/or flushing systems. This experimental plan will constitute a factorial
design of 5x5x5, leading to a total of 125 test runs in order to investigate all the
combinations, which cannot be completed in the proposed project period, i.e., 3
years, given that a minimum of three weeks are needed for one test run. To avoid a
complete three-level factorial design without losing statistical significance, a central
composite design (CCD) coupled with response surface methodology will be adopted
to build a second order (quadratic) model for the response variable. The full factorial
CCD experimental design will thus be applied to the following three variables: (i) pH,
X1; (ii) HRT, X2 (hr), and (iii) manure TS, X3 (%).
The range and the levels of variables employed in this study are listed in Table 1.
The center values (zero level) chosen for the experimental design will be pH=5.3,
HRT=16 h, and TS=1.5%, with which an optimal process condition for a response
variable can be determined in the neighborhood.
Table 1. Experimental range and levels of the independent variables
Variables
Code and real values
-2
-1
0
1
2
X1
pH
4.7
5.0
5.3
5.6
5.9
X2
HRT (h)
8
12
16
20
24
X3
TS (%)
0.5
1.0
1.5
2.0
2.5
As mentioned early, a second order quadratic model will be used to fit the data set of
responses with the experimental parameters. To evaluate the effects of pH (x1), HRT
(x2) and TS (x3) on the model response of biohydrogen production, the
corresponding results will be subject to regression analysis by the least square
approach to generate the quadratic equation (Eq. 2) using statistical software.
Y = β0 +β1x1+β2x2+β3x3+β11x12+β22x22+ β33x32+ β12x1x2+ β13x1x3+ β23x2x3
Where Y is the predicted response (i.e., biogas production rate (BPR), biohydrogen
production rate (HPR), biohydrogen content (HC), and biohydrogen yield (HY)); x1, x2
and x3 are coded independent variables, pH, HRT and TS; β0 is the offset term; β1,
β2 and β3 are linear coefficients; β11, β22 and β33 are the quadratic coefficients; and
β12, β13 and β23 are the interaction coefficients.
After the values of coefficients are determined, the regression equation will be
examined using the statistical F test and the optimum values of pH, HRT and TS for
the biohydrogen ASBR system for any response Y can be obtained by solving the
quadratic regression equation.
Sampling and analysis: Gas and liquid samples will be collected at respective
sampling ports. The amount of gas produced will be recorded daily using a wet gas
test meter and the gas will be released continuously to keep a low biohydrogen
partial pressure in the headspace. Gas sampling will be conducted every other day
and gas analysis will include biohydrogen, biomethane, and CO2 using a gas
chromatography (Varian 3800). The liquid samples will be taken at the same time
intervals as in gas sampling after at least one HRT under stable conditions for
analysis of chemical oxygen demand (COD), total solids (TS), total volatile solids
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(TVS), total suspended solids (TSS), volatile suspended solids (VSS), volatile fatty
acids (VFAs), sugar content, and total Kjeldahl nitrogen (TKN) following the Standard
Methods.
Methods for specific objective 2 (biomethane digester)
Experimental apparatus: The characterized effluent from the biohydrogen
fermenter will be the influent for the biomethane digester. Considering the HRT used
for the biohydrogen fermenter and the slow growth of methanogens, a much larger
reactor (46 L) than the biohydrogen fermenter will be built. This upflow anaerobic
sludge blanket digester (UASB) will be fabricated from acrylic tubing (10” in diameter
and 36” in height (25.4 cm x 91.44 cm), working volume: 40 L). Similar to the
biohydrogen fermenter, the UASB will also be equipped with all the necessary
controls and pumps so that it can run automatically without significant human
intervention. The UASB temperature will be controlled at the same temperature as
for the biohydrogen fermenter (37oC) using heat tapes wrapping around the acrylic
column connected to a temperature controller with a sensor placed inside the
digester. The UASB will be fed at the bottom and the generated biogas will be
collected at the top. Before entering the UASB, the pH of the influent (biohydrogen
fermenter effluent) will be adjusted to around 7, and the liquid pH inside the UASB
will also be controlled at 7, using NaOH (1.0 M). Additional mixing to the UASB
content may be provided by a pre-installed mechanic mixer if needed.
Experimental design: The UASB will first be seeded with sludge from an existing
anaerobic digester treating municipal wastewater at Waseca. When up and running,
the UASB will be operated as a one-stage digester under controlled conditions of
temperature (37oC) and pH (7.0). Four HRTs (2, 4, 6, and 8 days) and four organic
loadings (5, 10, 15, and 20 kgVS/m3) will be examined to determine the best
combination for biomethane generation. These organic loadings are selected with
reference to the published information for a two-stage hydrogen and methane
production system using household solid waste. Please note that choosing organic
loading as an independent variable is aimed at determining the maximum throughput
capacity of the UASB. When the HRT is short while organic loading is high, the
system is defined as being able to achieve high treatment capacity. The organic
loading may be adjusted during the experiment according to the organic strength in
the biohydrogen fermenter effluent. The solids retention time (SRT) will be kept at 15
days in all runs. This 4x4 factorial experimental design will need a total of sixteen
experiments to complete the project.
Sampling and analysis: Both biogas and liquid samples will be collected from the
respective sampling (discharge) ports once a day at the same time for a period of
two HRTs after the UASB has entered into steady-state operation (the number of
samples collected represents replications). Biogas samples will be analyzed for
biomethane and CO2 using the same gas chromatography as in biohydrogen
analysis. Total and daily biogas volumes produced will be recorded continuously
using a wet gas test meter. Parameters such as COD, BOD, TS, TVS, TSS, VSS,
VFAs, and TKN for the liquid samples will be analyzed following the Standard
Methods. Statistical t and F tests (ANOVA) will be used to determine the difference
between the data collected at a significance level of α ≤ 0.05.
Methods for specific objective 3 (chemical scrubber)
Experimental apparatus: The biogas cleaning unit (a packed bed reactor) will be
fabricated from an acrylic column, 4 in. (10 cm) in diameter, 4.0 ft. (122 cm) in height,
which will be equipped with pumps and gauges to move the absorbent and biogas
through the system at desired flow rates (Figure 4). The absorption column will be
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randomly packed with a packing material (known by the trade name “plastic bioball”)
to a height of 3 ft. to facilitate gas/liquid interaction (this spherically shaped material
has a high surface area to volume ratio of 1895 m2/m3), which is ideal for
applications where efficient gas/liquid interaction is needed. The biogas purification
process will take place in the packed bed section where the gas will be continuously
fed from the bottom while the absorbent will be sprayed from the top of the reactor,
creating a counter current flow to improve the gas/liquid contact. The absorbent will
be circulated between the reactor and a reservoir (20 L liquid volume) by means of a
pump. The liquid flow rate will be controlled by a liquid flow meter to maintain a
smooth liquid film, while the biogas flow rate will be controlled using a gas flow meter
to achieve the best gas flow rate in removing CO2. The pH of the absorbent reservoir
will be monitored and recorded using a pH meter with a controller to determine the
time elapsed between absorbent replacements when the pollutants approach
saturation. At the beginning of a typical run, a certain amount of absorbent will be
placed in the reactor to prime the packed bed. NaOH (0.1 M) solution will be used as
the absorbent for this study. The reason for selecting NaOH in preference to other
alkaline liquid lies in its relatively low cost and availability in bulk volumes, thus
avoiding the process of regeneration used for other chemicals that may release the
captured CO2 back to the atmosphere.
Flow meter
Purified gas outlet
Pressure gauge
Absorbent nozzle
Reactor body
Packing material
Biogas flow meter
Flow distributor

Biogas pump

pH meter
Biogas inlet

Absorbent reservoir

Absorbent pump

Absorbent drain

Figure 3. Schematic of the biogas cleaning reactor
Experimental design: The experiment will be carried out in two phases, starting
with a batch phase followed by a continuous phase. Since the ratio of gas to liquid
flow rate is a critical factor affecting the performance of CO2 removal in this type of
reactor, the batch study will investigate the effect of different gas/liquid flow rate
ratios. Due to the paucity of information available in literature in this area, the liquid
flow rate will be used as a reference for determination of the gas flow rate, and will
be obtained by slowly adjusting the flow rate to a level when a smooth liquid film
coming out of the absorbent spaying nozzle is observed (a few more nozzles of
different size may be tested to accommodate potential different gas flow rates). With
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the liquid flow rate determined, five ratios of gas to liquid flow rate (0.6, 0.8, 1.0, 1.2,
and 1.4, more if needed) will then be examined for the packed bed reactor with
respect to its performance in removing CO2 and H2S from the biogas. For each
gas/liquid flow rate ratio in the batch study, the reactor system will be run
continuously until the absorbent in the reservoir reaches complete saturation as
indicated by the cease of pH drop that is continuously monitored and recorded during
the experiment. Each batch test will repeat three times to find the best gas/liquid flow
rate ratio and the time curve of each ratio showing the course of reaching saturation.
This information will be used in the second phase of the experiment.
In the second phase, the reactor will be evaluated on removing CO2 in continuous
operation, in which a fraction of the original volume of the absorbent in the reservoir
will be replaced at certain time intervals to maintain high absorption rates. With
reference to the data from the batch study, four percentages of the total volume in
the NaOH reservoir and four replacing time intervals (e.g., % saturation time) will be
determined and examined via a 4x4 factorial experimental design to find the best
combination of these two variables in achieving a good removal efficiency for the
treated biogas, while keeping the replacement of absorbent at a reasonable
frequency.
Sampling and analysis: For all the experimental runs, gas samples from the inlet
and outlet of the reactor will be collected every 5 minutes in 1 L Tedlar bags for
analysis of CO2, H2, and CH4. A gas chromatograph (Varian 3800) will be employed
for analysis of the gases. In the meantime, the pH in the absorbent reservoir will be
continuously monitored and recorded. For batch tests, the liquid in the reservoir will
be sampled at the end of test and the amount of CO2 absorbed will be determined
based on measuring HCO3- concentration in the sample using the Hach method
8010 (Hach Co., Loveland, Colo.), which will be corroborated by mass balance
analysis for gaseous CO2 between the inlet and outlet gas streams. For the
continuous tests, liquid samples of 10 mL each from the reservoir will be collected
every 5 minutes for the same analysis. The lost liquid volume will be replenished
during absorbent replacement. The H2S reduction will be determined by the
difference between the measurements of inlet and outlet gas samples. Statistical t
and F tests (ANOVA) will be used to determine the difference between the data
collected at a significance level of α ≤ 0.05.
Methods for specific objective 4 (struvite precipitator)
Experimental apparatus: The effluent from the UASB digester will first be analyzed
for pH, TSS, reactive PO43-, NH4+, soluble Mg2+, and Ca2+ to adjust accordingly the
PO4+/Mg2+/NH4+ ratio in the influent for the struvite precipitator. The precipitator will
be fabricated from an acrylic column, 10 in. (25.4 cm) in diameter and 3.5 ft. (106.7
cm) in height (working height: 3 ft.), with a cone shaped bottom to collect settled
struvite (Figure 4). The reactor will consist of a center section (5 in. in diameter,
working as draft-tube type) and a peripheral section. The influent will be continuously
added into the draft tube. Aeration will be used as a means to increase the liquid pH
in the column and agitation. If insufficient, either NaOH or Mg(OH)2 (or MgO) will be
added to the liquid to raise pH, but use of the latter will depend on the level of Mg2+
in the solution. The pH in the reaction section will be controlled automatically by a pH
controller. The generated struvite will be separated from the effluent in the peripheral
section outside the draft tube by gravity separation and settle to the bottom of the
precipitator for removal. The recovered product will then be dewatered from the small
amount of solution, which is lost when the crystals are removed, by natural drying.
The precipitator is aimed at continuous production of struvite from anaerobically
treated effluent from the UASB digester.
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NaOH solution, or MgO, etc.

Mixer

pH probe controlled by a pH meter
Influent

Air compressor
(aeration)

Effluent
Reaction zone

Inner column

Settling zone

Reactor body

Air diffuser

Settled struvite

Struvite removal

Figure 4. Schematic of the struvite precipitator to be used in the experiment
Experimental design: Since pH and the molar ratio of Mg2+/PO4+/NH4+ in the liquid
play a decisive role in struvite precipitation, a 4x4 factorial experimental design will
be adopted to examine their interacting effect on the process performance. The four
levels of PO4+/Mg2+/NH4+ ratio to be tested are 1/1/1, 1.2/1/1, 1.4/1/1, and 1.6/1/1.
These values are chosen based on past research results that a ratio of PO4+/Mg2+
should be greater than 1/1 to obtain struvite formation in swine wastewater. And the
four values of pH to be tested are 8.7, 9.0, 9.3, and 9.6 based on the pH range
reported in the literature (from 9.0 to 9.5) that produced good struvite precipitation for
different wastewaters. The molar ratios of the ions in the influent will be adjusted to
the experimental values before it enters the struvite precipitator, and further
adjustment during the experiment can be made by adding MgO or Mg(OH)2, if
needed. Several airflow rates such as 5, 10, 15, and 20 L/min will be tried first to
determine an appropriate aeration rate to be used in the experimental runs, and once
started, aeration will be provided continuously. An influent flow rate of 2 L/min (may
be adjusted if needed) will be employed to feed the struvite precipitator, leading to an
HRT of 23 min. The struvite settled at the bottom of the precipitator will be removed
periodically, depending upon quantity. The test will be repeated three times for each
combination of the molar ratio of ions and pH and each test will be considered
complete after 10 HRTs.
Sampling and analysis: Effluent samples from the struvite precipitator will be
collected two times a day for analysis of concentrations of soluble forms of Mg2+,
PO4+, and NH4+ for each experiment. The concentrations of other parameters in the
samples will also be analyzed including pH, TS, TSS, TP, TKN, COD, and VFAs.
Reactive phosphorus, PO4+, will be analyzed using an ion chromatograph, while
Mg2+ will be determined using the Hach calmagite colormetric method (Method 8030,
Hach Co., Loveland, Colo.). NH4+ will also be measured with a Hach test using the
Nessler Method (Method 8038). The same methods presented early for analyzing
wastewater chemical constituents will be applied to the rest of parameters here. The
solid struvite product in triplicate for each treatment will be analyzed for N (as TKN)
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using the standard digestion and distillation method while the TP content will be
determined by the X-ray Diffraction analysis. After each run, all the produced struvite
will be dried and weighed for productivity comparison. Statistical t and F tests
(ANOVA) will be used to determine the difference between the data collected at a
significance level of α ≤ 0.05.
Methods for specific objective 5 (the pilot-scale system)
Experimental apparatus: With all the component units of the proposed system for
co-treating swine manure and sugar waste molasses developed and tested with their
respective optimum operating conditions determined, the entire treatment system
according to Figure 1 will be assembled for evaluation at the pilot scale at Waseca,
MN. The size of the pilot-scale system will be determined by scaling up individual
units based on their throughput capacities. A ten-fold increase in size for all the
component units is expected, but the size change for the chemical scrubbers may
also be achieved by increasing the feeding gas flow rate, which can be determined
by preliminary trials. A centralized and integrated computer control system with
software will be constructed to coordinately operate the treatment system in terms of
controlling pH, temperature, influent and effluent flow rates, gas flow rates, pumps,
mixers, and data logging according to the design for each individual unit.
Experimental design: The evaluation will be carried out in three aspects. First, the
performance of the system in treating two wastewaters in reducing organic pollutants
will be examined in terms of removals of COD, TN, TP, and solids and the
throughput capacity. Second, the net energy recovery of the system will be evaluated
according to energy produced less consumed. The energy consumed will include
electricity used for heating and running all the component units, including the
chemicals used (equivalent). The energy gained will include the energy contained in
the final products such as the cleaned biohydrogen, biomethane, and struvite
(equivalent). Also, the GHG (CO2) removed through the treatment process will be
considered a gain as opposed to the same amount of energy needed to remove it
(1.36 kg CO2 equiv./kWh). Third, the costs of constructing and operating the pilotscale treatment system will be calculated based on which the potential revenues
(values of different products) and the initial capital investment can be estimated.
Sampling and analysis: Liquid samples in triplicate of 100 mL each will be collected
daily before (raw) and after the system treatment (from the struvite precipitator) at
the same time for analysis of COD, TN, ammonium nitrogen, TP, dissolved
phosphorus, TS, TSS, VSS, and pH according to the standard methods. Gas
samples in triplicate will also be collected daily from the outlet of chemical scrubbers
to determine the content of biohydrogen, biomethane, and CO2 using gas
chromatography. Total gas volumes produced from the biohydrogen and biomethane
reactors will be continuously recorded using wet gas test meters throughout the
experiment. The amount of struvite produced will be dried and measured every two
days (or longer depending upon the volume produced each day). Statistical t and F
tests (ANOVA) will be used to determine the time for the system to reach steady
state and the system stability based on the difference between the data collected on
consecutive days at a significance level of α ≤ 0.05.
5.

Results and Deliverables - Describe in detail the expected outcomes of each of the
results and deliverables.
Expected outcomes for specific objective 1 (biohydrogen fermenter)
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It is expected that upon completion of specific objective 1, the optimal running
parameters in terms of pH, HRT, and manure TS for the biohydrogen ASBR will be
determined and the ASBR system will be successfully established to produce
biohydrogen continuously and efficiently. Information obtained can be used to design
the scale-up biohydrogen reactor in the pilot-scale system.
Deliverables include detailed data concerning the design and performance of the
biohydrogen reactor in relation to the optimum values in the ratio of manure to sugar
molasses, pH, and HRT. The scale-up reactor will be designed. A LCCMR progress
report will be submitted.
Expected outcomes for specific objective 2 (biomethane digester)
The outcome of specific objective 2 will be the determination of the optimal
combination of HRT and organic loading for the UASB so that it can effectively treat
biohydrogen fermenter effluent to produce biogas containing high methane content.
Deliverables include detailed performance information of the biomethane digester in
biogas production under optimal operating conditions. The scale-up digester will be
designed.
Expected outcomes for specific objective 3 (chemical scrubber)
A novel biogas-cleaning reactor will be developed and tested with its performance
information obtained. The cleaned biohydrogen and biomethane can be used to
produce a better combustion engine fuel, biohythane, to reduce CO2 emissions.
Deliverables include detailed information related to the design, operation, and
performance of the chemical scrubber in cleaning the biogas from both the
biohydrogen fermenter and biomethane digester. A larger scrubber for the pilot-scale
system will be designed and constructed. Information on production of “biohythane”
using the cleaned biohydrogen and biomethane (biohythane is a mixture of 10%
hydrogen, 60% methane, and 30% CO2) and its tests in combustion engines will also
be obtained. A LCCMR progress report will be submitted
Expected outcomes for specific objective 4 (struvite reactor)
The feasibility of using struvite formation to remove phosphorus and ammonium from
the second stage digester effluent will be determined and information of developing a
functional struvite precipitator will be obtained and can be used for scale-up
applications.
Deliverables include detailed data describing the developed struvite reactor in terms
of design, operation, and performance, based on which information on the scale-up
reactor will also be generated and the reactor designed and constructed.
Expected outcomes for specific objective 5 (pilot scale system evaluation)
A complete, pilot-scale treatment system to co-treat swine manure with sugar beet
processing waste molasses to produce high quality biohydrogen, biomethane, and a
slow release fertilizer will be successfully established and evaluated for performance,
energy recovery, and costs. The technology will arrive at the stage of transferring to
farm use with or without modifications.
Deliverables include all information related to the performance of the pilot scale
system in treating the combined wastewater to produce biohydrogen, biomethane,
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and struvite. An on-site pilot-scale system will be running at Waseca for
demonstration. Educational activities such as workshops, seminars, and field trips
will be organized and made available to all interested parties. A final project report to
LCCMR will be submitted.
6.

Timetable - Layout the proposed times for completing the proposed research
including proposed dates for individual results and deliverables.

The timeline (3 years) and deliverables of the project are presented below.
Objectives/Tasks
Year 1
Year 2
Year 3
Q1
Q2
Q3
Q4
Q1
Q2
Q3
Q4
Q1
Q2
Q3
Q4
Objective 1
***
***
***
***
Objective 2
***
***
***
***
Objective 3
***
***
***
***
Objective 4
***
***
***
***
Objective 5
***
***
***
***
Data processing
*
***
*
***
*
***
Refereed
**
**
**
publication
Non-refereed
**
**
**
publication
Demonstration
*
Reporting
*
*
*
* represents a period of one month.
7.

Budget - Update the budget sheet from the original proposal based on the amount of
funding recommended. Additional details can be added to the budget sheet to more
fully describe the budget (The budget sheet is expandable so that additional
information can be provided). Additional narrative on the budget can also be
provided to more fully explain how the funds will be spent. The “Other Funding”
section of the budget sheet should also be updated and include sufficient detail so
that the source and amount of contribution is clear.
Please refer to the updated budget excel file for the details of budget and its
narrative.

8.

Credentials - Provide brief background of the principal investigators and cooperators
who will carry out the proposed research and selected publications
(targeted/abbreviated resumes are acceptable).
Xiao Wu, PhD, Research Associate
University of Minnesota
Department of Bioproducts and Biosystems Engineering
35838 120th ST
Waseca, MN 56093
Ph: 507-835-1495; Cell: 651-242-4371
E-mail: wuxxx199@umn.edu

EDUCATION
2006- 2009:

Ph.D. in Bioproducts and Biosystems Engineering, University of Minnesota
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2004- 2006:
2000- 2004:

M.S. in Biosystems and Agricultural Engineering, University of Minnesota
B.S. in Environmental Engineering, Wuhan University of Science and
Technology, China

EMPLOYMENT HISTORY
2013- present:
2012- 2013:
2010- 2012:
2009- 2010:
2004- 2009:

Research Associate, Department of Bioproducts and Biosystems
Engineering, University of Minnesota
Post-doctoral research associate, Department of Bioproducts and
Biosystems Engineering, University of Minnesota
Post-doctoral research associate, Department of Chemical Engineering,
Tsinghua University, China
Post-doctoral research associate, Department of Bioproducts and
Biosystems Engineering, University of Minnesota
Research Assistant, Department of Bioproducts and Biosystems
Engineering, University of Minnesota

AREAS OF EXPERTISE
Renewable Energy Engineering and Technologies
o Bioenergy and biohydrogen, nutrient cycling to produce value-added products, and
bioconversion and bioremediation
o Biological reactor engineering, design, development, evaluation, and operation
o Bioenergy and bioresource recovery and conservation using renewable bio-based and
organic waste materials
o Synthetic microbial consortia construction for simultaneous saccharification and
fermentation/ microbial fuel cell from low-grade biomass/wastewater
Waste Management and Environmental Engineering
o Biological wastewater treatment systems and technologies including bioreactors, anaerobic
digestion, fermentation, and aeration with emphasis on evaluation, research, development,
improvement, and application of various treatment techniques
o Physical and chemical processes for animal manure and organic waste treatment and
nutrient management
o Aeration for liquid manure odor control
o Environmental microbiology and biochemistry
RESEARCH PROJECTS
Renewable Energy Engineering
o Synthetic ecology on hierarchical carbon electrodes for clean energy generation
from biomass: investigation of a concept, namely Synthetic Ecology, on a solid surface to
achieve the synthesis of biohydrogen from waste biomass and in-situ conversion of it to
electricity through co-growing microorganisms on a hierarchical carbon electrode
o

Simultaneous saccharification and fermentation of corn stover for hydrogen
production by indigenous microbial consortia: establishment of microbial consortia of
cellulolytic bacteria with cellulosome and hydrogen-producing strains; study of synergic
effect and metabolic network of each microbial consortium for hydrogen production;
development of lab-scale mesophilic/thermophilic processes of hydrogen production by
simultaneous saccharification and fermentation of corn stover

o

Biological hydrogen production from molasses with swine manure as a nitrogen
source: various pretreatment of seed sludge; process control of hydrogen production with
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and without swine manure supplement; statistical optimization of system operation; effect of
carbon to nitrogen ratio on the hydrogen production; effect of swine manure supplement
ratio on the hydrogen yield and generation rate
o

Biofuel cell development: innovative biohydrogen-based biofuel cells for highly efficient
and clean electricity generation using mixed wastewater feedstock

o

Biological hydrogen production from swine manure in anaerobic sequencing batch
reactor system: lab-scale anaerobic sequencing batch reactor construction; fermentative
anaerobic sludge characterization; fermentation reactor process control; effect of pH,
hydraulic retention time (HRT) and substrate concentration on hydrogen production;
statistical and kinetic modeling of fermentative hydrogen production process; hydrogenproducing bacteria community analysis
Dissertation: Fermentative hydrogen production from liquid swine manure with glucose
supplement using an anaerobic sequencing batch reactor

o

Co-digestion of swine manure with crop residues: Building and operation of anaerobic
digester; process control of anaerobic digestion; enhancement of methane production by
adding three different crop residues include wheat straw, oat straw and corn stalks; effect
of carbon to nitrogen ratio on the methane productivity

o

Co-digestion of dairy wastewater with wasted milk for methane generation: effect of
milk content and carbon to nitrogen ratio on the methane production rate and yield in batch
mode; removal of organic content in the digestion process

o

Lactic acid production with dairy manure wastewater as substrate: development and
evaluation of nutrient recovery and utilization from dairy manure; conversion of manure
nitrogen into biomass and L-lactic acid by Rhizopus oryzae under batch fermentation to
evaluate the performance of the crude protein in dairy manure as a nitrogen source and
develop a low-cost culture medium for lactic acid production

Environmental Engineering
Treatment of milking center wastewater by a sequencing batch reactor (SBR):
lab scale SBR reactor set-up; milking center wastewater characterization; aerobic
bioreactor process control; aerobic sludge characteristics; real-time monitoring of process
indicator parameters (dissolved oxygen, pH, oxidation-reduction potential (ORP)); effect of
operational conditions on wastewater treatment efficiency which includes removal of solids,
organic loading, grease, nitrogen and phosphorus; farm-scale SBR construction and
application to a dairy farm for milking center wastewater treatment
o

Odor control of an open swine manure lagoon using surface aeration: design of novel
aerator modules with significantly improved oxygen transfer efficiency; farm-scale trial of a
surface aeration system using the developed aerator module for odor emission control
(reduction of BOD5)

o

Biological and chemical treatment of swine manure for phosphorus removal:
investigation of the dynamic responses of different phosphorus fractions to the aeration
treatment of liquid swine manure, including the phosphorus contained in biomass
(represented by the cell DNA/RNA/poly-P), lipid, and protein, in both soluble and insoluble
and organic and inorganic forms

o

Treatment of restaurant wastewater using a combined bioreactor system consisting
of an upflow anaerobic sludge blanket (UASB) + an aerobic biofilm (AF): startup,
stability and anti-shock test of UASB and AF respectively; characterization of restaurant
wastewater; operation and process control of the combined process; COD, nitrogen and
phosphorus removal efficiency; investigation of anti-shock ability of the combined process
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PUBLICATIONS
Refereed Journal Publications (selected)
1. Wu, X., H. Lin, J. Zhu. 2013. Optimization of continuous hydrogen production from cofermenting molasses with liquid swine manure in an anaerobic sequencing batch reactor.
Bioresource Technology 136:351-359.
2. Wu, X., J. Zhu, C. Miller. 2013. Kinetics study of fermentative hydrogen production from
liquid swine manure supplemented with glucose under controlled pH. J. of Environ Sci.
Health Part B 48(6):477-485.
3. Lin, H.; X. Wu; C. Miller; J. Zhu. 2013. Improved performance of microbial fuel cells enriched
with natural microbial inocula and treated by electrical current. Biomass and Bioenergy
54:170-180.
4. Yao, W., X. Wu, J. Zhu, B. Sun, C. Miller. 2013. In vitro enzymatic conversion of γaminobutyric acid immobilization of glutamate decarboxylase with bacterial cellulose
membrane (BCM) and non-linear model establishment. Enzyme and Microbial Technology
52(4-5):258-264.
5. Wang, L.; Z. Liu; T. Wang; X. Wu; C. Zhang; Qunhui Wang; X. Xing. 2013. Optimization of
culture conditions for Clostridium cellulolyticum. Shengwu Gongcheng Xuebao/Chinese
Journal of Biotechnology 29(3):392-402.
6. Liu, Z; C. Zhang; Y. Lu; X. Wu; L. Wang; L. Wang; B. Han; X. Xing. 2013. States and
challenges for high-value biohythane production from waste biomass by dark fermentation
technology. Bioresource Technology 135:292-303.
7. Wu, X., C. Dong, W. Yao, J. Zhu. 2011. Anaerobic digestion of dairy manure influenced by
the wasted milk from milking operations. Journal of Dairy Science 94(8): 3778-3786.
8. Yao, W., X. Wu, J. Zhu, B. Sun, C. Miller. 2011. Enhanced Production of Glutamate
Decarboxylase by Batch, Fed-Batch, and Repeated Batch Cultivations of Escherichia coli.
ASABE Biological Engineering Transactions 4(4): 169-182.
9. Yao, W., X. Wu, J. Zhu, B. Sun. 2011. Comprehensive evaluation and selection of the
potential complex medium for industrial glutamate decarboxylase (GAD) production by
Escherichia coli. Int. J. Agric. Biol. Eng. 4(2): 74-82
10. Yao, W., X. Wu, J. Zhu, B. Sun, C. Miller. 2011. System establishment of ATPS for one-step
purification of glutamate decarboxylase from E. coli after cell disruption. Applied
Biochemistry and Biotechnology 164(8):1339-1349.
11. Yao, W., X. Wu, J. Zhu, B. Sun, C. Miller. 2011. Bacterial cellulose membrane - a new
support carrier for immobilization of yeast for ethanol fermentation. Process Biochemistry
46(10): 2054-2058.
12. Wu, X., J. Zhu. 2010. The effect of milk co-digested with dairy manure on biogas production
and COD removal in batch processes. J. of Environ Sci. Health Part A 45(12):1543 - 1549.
13. Wu, X., J. Zhu, W. Yao. 2010. Effect of pH on continuous biohydrogen production from
liquid swine manure in an anaerobic sequencing batch reactor. International Journal of
Hydrogen Energy. 35(13):6592-6599.
14. Wu, X., W. Yao, J. Zhu, C. Miller. 2010. Biogas and CH4 productivity by co-digesting swine
manure with three crop residues as an external carbon source. Bioresource Technology
101(11):4042–4047.
15. Li, Y., J. Zhu, X. Wu, C. Miller, L. Wang, C. Dong. 2010. The effect of pH on continuous
biohydrogen production from swine wastewater supplemented with glucose. Applied
Biochemistry and Biotechnology 162(5): 1286-1296.
16. Yao, W., X. Wu, J. Zhu, B. Sun, C. F. Miller. 2010. Utilization of protein extract from dairy
manure as a nitrogen source by Rhizopus oryzae NRRL-395 for L-lactic acid production.
Bioresource Technology 101(11): 4132–4138.
17. Wu, X., J. Zhu, C. Dong, C. Miller, Y. Li, L.Wang, W. Yao. 2009. Continuous biohydrogen
production from liquid swine manure supplemented with glucose using an anaerobic
sequencing batch reactor. International Journal of Hydrogen Energy 34(16): 6636 - 6645.
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18. Yao, W., X. Wu, J. Zhu, B. Sun, C. F. Miller. 2009. L-lactic acid fermentation by Rhizopus
oryzae using dairy manure as a nitrogen source. Transactions of ASABE 52(6): 2047-2054.
19. Zhu, J., Y. Li, X. Wu, C. Miller, P. Chen, and R. Ruan. 2009. Swine manure fermentation for
hydrogen production. Bioresource Technology 100(22):5472-5477.
20. Zhu, J., X. Wu, C. Miller, F. Yu, P. Chen, and R. Ruan. 2007. Biohydrogen production
through fermentation using liquid swine manure as substrate. J. Environ. Sci. Health, Part B
42 (4): 393-401.
9.

Dissemination and Use – Describe how the findings of the research will be
disseminated and describe the expected audience and potential use.
Successful publication and dissemination of project findings will be a key component
of this proposal to maximize its impact, which will be achieved by sharing information
with not only the scientific community but also the general public on a timely basis. In
order for this to happen, the research outcomes will be presented in both technical
and non-technical formats, including refereed journal publications for pundits and
other outlets for lay people, aiming at distributing the information of this project not
just in Minnesota but across the nation, and the world as well. Quantitatively, starting
from the end of first year of the project, at least one manuscript will be generated and
submitted for possible publication in refereed journals annually on the findings
gained from the project. Concomitantly, two to three non-refereed publications will
also be generated and published in trade magazines such as The National Hog
Farmer, Pork, and The Sugarbeet Grower Magazine, or presented at technical
symposia and professional conferences. In addition, a project Newsletter will be
developed providing up-to-date information on the status of the project and made
available to LCCMR commission members as well as all other concerned parties.
The target audience of the outcome of this project include, but not limited to, hog and
sugar beet processors, agricultural engineers and consultants, state regulatory
agencies, renewable energy industries, and the general public, within the state and
across the country. A special field day for people in the concerned industries and the
stakeholders will be organized at the end of the project to demonstrate the complete
system for co-treating swine manure and sugar processing waste molasses. In the
meantime, talks will be initiated to those interested in adopting the newly developed
technology on their farms or plants to benefit their production and protect the
environment. Finally, under the same token, the obtained information will potentially
be included in the teaching materials for two courses, BBE4713/5713, Biological
Process Engineering; BBE4733/5733, Renewable Energy Technologies, to educate
our future scientists/engineers in a long run.
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2014 Detailed Project Budget
Project Title: Clean water/renewable energy from beet waste/manure
INSTRUCTIONS AND TEMPLATE (1 PAGE LIMIT)
Attach budget, in MS-EXCEL format, to your “2014 LCCMR Proposal Submission Form”.
(1-page limit, single-sided, 10 pt. font minimum. Retain bold text and DELETE all instructions typed in italics. ADD OR DELETE ROWS
AS NECESSARY . If a category is not applicable write “N/A” , leave it blank, or delete the row.)

IV. TOTAL ENRTF REQUEST BUDGET 3 years

BUDGET ITEM (See "Guidance on Allowable Expenses", p. 13)
Personnel: One 100% research associate for three years: salary: $139,186; fringe: $46,735; The
$
research associate will be the PM of this project overseeing the entire project with responsibility in
all aspects including developing test protocols, conducting experiments, and preparing materials for
publications and information dissemination. One 100%-time postdoc associate for three years:
salary: $102,000; fringe: $22,879; The postdoc will be responsible for the execution of the project
by preparing and running experiments; setting up experimental apparatuses; sampling and data
analysis; preparing manuscripts and other publications; and collecting and analyzing samples and
data; helping the research associate with reporting as well.

AMOUNT
310,800

Contracts: In this column, list out proposed contracts. Be clear about whom the contract is to be
made with and what services will be provided. If a specific contractor is not yet determined, specify
the type of contractor sought. List out by contract types/categories - one row per type/category.

$

-

Equipment/Tools/Supplies: $29,000 - supplies for constructing all the reactors including hydrogen
fermenter, UASB, struvite reactor at both lab-scale and pilot-scale with all the control systems
including reactor bodies, pumps, mixers, temperature and pH controllers, etc.; $55,000 - sample
analysis costs for over 1000 samples at $55 each.
Acquisition (Fee Title or Permanent Easements): In this column, indicate proposed number of acres
and and name of organization or entity who will hold title.
Travel: $5,200 - in-state travel from Waseca to Moorhead area to collect samples and run
experiments for two people including meals and lodging during the three year period (estimated
$400/trip x 13 trips).
Additional Budget Items: In this column, list any additional budget items that do not fit above
categories. List by item(s) or item type(s) and explain how number was reached. One row per
type/category.
TOTAL ENVIRONMENT AND NATURAL RESOURCES TRUST FUND $ REQUEST =

$

84,000

$

-

$

5,200

$

-

$

400,000

V. OTHER FUNDS

SOURCE OF FUNDS
Other Non-State $ Being Applied to Project During Project Period: Indicate any additional nonstate cash dollars to be spent on the project during the funding period. For each individual sum, list
out the source of the funds, the amount, and indicate whether the funds are secured or pending
approval.
Other State $ Being Applied to Project During Project Period: Indicate any additional state cash
dollars (e.g. bonding, other grants) to be spent on the project during the funding period. For each
individual sum, list out the source of the funds, the amount, and indicate whether the funds are
secured or pending approval.
In-kind Services During Project Period: Indicate any in-kind services to be provided during the
funding period. For each type of service, list type of service(s), estimated value, and indicate
whether it is secured or pending. In-kind services listed must be specific to the project.

AMOUNT

Status
Indicate:
Secured or
Pending

$

-

$

-

Indicate:
Secured or
Pending

$

-

Indicate:
Secured or
Pending

Remaining $ from Current ENRTF Appropriation (if applicable): Specify dollar amount and year of
appropriation from any current ENRTF appropriation for any directly related project of the project
manager or organization that remains unspent or not yet legally obligated at the time of proposal
submission. Be as specific as possible. Describe the status of funds in the right-most column.

$

-

Funding History: Indicate funding secured prior to July 1, 2014, for activities directly relevant to this
specific funding request, including past ENRTF funds. State specific source(s) of funds.

$

-

Indicate:
Unspent?
Not Legally
Obligated?
Other?
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