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ABSTRACT 
Treatment methods are presented that can be used for nutrient recovery from animal manure and 
these processes are compared to the current practice. Using swine feeding operations as an 
example, the current practice for waste handling is that 97% of all produced waste is applied to 
owned or rented land after storing the waste in below-floor slurry pits or anaerobic lagoons 
without cover. This current practice has resulted in a significant environmental pollution. Slurry 
storage results in emission of odor, VOCs (mainly CH4) and ammonia under normal operating 
conditions. In many cases there is not sufficient farmland for a sustainable land application 
without exceeding maximum nitrogen and phosphorus levels. New government regulations will 
encourage the treatment of animal residuals. Both aerobic and anaerobic process can be used to 
produce a valuable product from animal manure that can be reused. Phosphorus can be recovered 
by precipitation in combination with a biological phosphorus removing activated sludge system 
or by membrane separation in combination with anaerobic digestion. 
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INTRODUCTION 
Manure from animal feeding operations (AFOs) can be reused as a natural fertilizer and such a 
land application should in many cases be the preferred disposal method (USEPA, 1999). 
However, sustainable land application of residuals from AFOs is limited by the regional and 
seasonal nutrient requirements for soil enrichment and alternative methods for reuse and 
treatment of manure have to be considered. Often the farmlands surrounding concentrated animal 
production facilities are not sufficient to allow for a sustainable disposal of manure with growing 
AFO sizes. In the swine industry the average farm size increases as the number of farms has 
decreased from 330,000 to 191,000 while the total number of heads has increased slightly from 
55 Mio to 57 Mio in the period from 1982 to 1992 (USEPA, 1999). Thus, a more efficient 
treatment of the very large mass of wastes produced by intensified animal feeding operations is 
required to protect soil and water recourses and to meet increasingly strict government 
regulations (Dentel, 2000)). 
                                                 
* This chapter has previously been presented at a conference organized by the Water Environment Federation: 
Morgenroth, E. (2000) Opportunities for Nutrient Recovery in Handling of Animal Residuals. In Proceedings of the 
Animal Residuals Management Conference, Kansas City, Missouri, Nov 12 – 14; Water Environment Federation:  
Alexandria, Virginia. It is reprinted here with permission from the Water Environment Federation. 
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Agriculture has been reported as the most widespread source of pollution in the nation's surveyed 
rivers and lakes. In the 22 States that categorized impacts from specific types of agriculture, 
animal operations impact about 35,000 river miles. AFOs can pose a number of risks to water 
quality and public health, mainly because of the amount of animal manure and wastewater they 
generate. Manure and wastewater from AFOs have the potential to contribute pollutants such as 
oxygen-demanding substances, ammonia, nutrients (e.g., nitrogen, phosphorus), sediment, 
pathogens, heavy metals, hormones, and antibiotics to the environment. Excess nutrients in water 
can result in or contribute to eutrophication, hypoxia (i.e., low levels of dissolved oxygen) 
(USEPA, 1999).  
 
Both the regulatory agencies and the public are becoming more and more concerned about the 
current practice of manure disposal and associated risks for environment and public health. 
Changes in environmental regulations for AFOs will be the result and in the future economic 
success or failure of the agro-industry may be determined by whether they meet today's 
challenge of waste handling. In certain countries in Europe (e.g., The Netherlands and Belgium) 
disposal of intensively produced animal wastes is beginning to be seen as a national crisis (Brett 
et al., 1997), particularly because of the potential to cause nutrient enrichment of surface wasters, 
a major contributory factor to the process of eutrophication (Greaves et al., 1999). In some 
countries (e.g., Netherlands) the maximum productivity of AFOs is limited by legislations on the 
amount of phosphorus that can be land applied (Greaves et al., 1999). Alternative sinks for 
nutrients and treatment technologies have to be implemented. In this paper two examples of 
nutrient recovery technologies are critically reviewed. 

Treatment options 

Treatment of manure can produce products that can easier be transported, stored, and reused and 
thus increase the flexibility for animal residual management. Technologies for handling manure 
can be classified into two basic categories (Figure 1): (1) Contain, where manure is stored on-site 
for subsequent direct land application, (2) Convert, where manure is treated to either degrade 
unwanted constituents or concentrate selected waste stream to produce valuable products for 
reuse. While waste treatment (conversion) may initially be more expensive compared to 
containment, in the long run it may be more economical as it increases the flexibility for 
disposal. 
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Figure 1.   Conversion of manure and extraction of valuable components requires more advanced 
technologies than containment for subsequent land application. However, conversion of manure 
produces concentrated waste streams and allows for alternative pathways for reuse. 

Current practice 
For swine feeding operations almost all produce waste is currently applied to owned or rented 
land (97.3 %) (USEPA, 1999). The dominant method for storing the waste until land application 
is permissible depends on the size of the operation. For smaller operations (2,000 - 10,000 heads) 
below-floor slurry or deep pits are mainly used (70 %) whereas anaerobic lagoons without cover 
are mainly used for large swine operations (81 %). 
 
Deep pits are 6 to 8 feet deep and allow for up to 6 months storage under the house. Twice a year 
a slurry is removed from the pit for surface application or subsurface injection or pumped to a 
steel aboveground storage tank or earthen storage facility. Anaerobic digestion is the primary 
process in anaerobic lagoon systems. Plant-available nitrogen and phosphorus in land-applied 
anaerobic lagoon liquid maybe at 10 % of the nutrient concentration in the flush water entering 
the lagoon. Much of the nitrogen in swine manure is volatilized from the anaerobic lagoon or 
from the spray field. Much of the phosphorus in the manure settles in the lagoon sludge and 
attaches to the lagoon walls and bottom. Anaerobic bacteria decompose organic matter. 
However, incomplete anaerobic decomposition of organics can result in offensive by-products, 
primarily hydrogen sulfide, ammonia, and intermediate organic acids. Thus, some conversion 
processes are occurring in anaerobic lagoons. However, these processes have a limited 
efficiency, are difficult to control, and release unwanted products into the environment (odors, 
methane, ammonia). 
 
Once every 5 to 15 years, anaerobic lagoon sludge had to be removed and can be applied to land 
other than the spray field receiving lagoon liquid. Lagoons usually fill to capacity within 2 to 3 
years of startup due to the added waste volume and rainfall that is in excess of evaporation. 
When the lagoon is full, water overflow will occur unless the operator is in a position to land 
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apply the excess waster. Thus, in the design of lagoon systems the minimum total capacity 
should include temporary storage for rainfall and wastewater inputs. 
 
Uncovered anaerobic lagoons are causing environmental pollutions through emission of odors, 
VOCs (mainly CH4) and ammonia under normal operating conditions. Overflows form lagoons 
can have detrimental effects on surface and ground water. It is very surprising that even today, 
very modern animal production facilities are equipped with low-tech waste handling systems. An 
example is a modern hog farm in North Carolina, where waste lagoons and spray irrigation were 
used for waste treatment resulting in a contamination of the groundwater with nitrates (USEPA, 
2000). Such a contamination is associated with large remediation costs and is not acceptable with 
the advanced treatment technologies that are available today. As a consequence the USEPA is 
proposing to restrict the use of uncovered anaerobic lagoons for large AFOs and encourages 
more advanced treatment of animal waste (Cook, 2000). 

Biological phosphorus removal combined with phosphorus recovery 
A range of biological nutrient removal process based on aerobic activated sludge treatment are 
being used for the treatment of animal wastes, many of these us the sequencing batch reactor 
technology to achieve advanced nitrogen and phosphorus removal (Osada et al., 1991, Bortone et 
al., 1994, Maekawa et al., 1995, Tilche et al., 1999, Edgerton et al., 2000, Ra et al., 2000). The 
principle of biological nutrient removal is that ammonia nitrogen is removed through nitrification 
to nitrate and subsequent denitrification to nitrogen gas. Phosphorus is incorporated into the 
biomass and removed via the wasted activated sludge. To achieve enhanced biological 
phosphorus removal, an anaerobic zone in the activated sludge bioreactor is included providing a 
selective advantage for certain bacteria that accumulate phosphorus beyond that needed for 
biomass synthesis. Phosphorus can also be removed chemically where a precipitating agent 
(typically ferric chloride, alum, or other metal salts) are added at various points in the 
conventional wastewater treatment process train to convert soluble phosphate to particulate form. 
The polyphosphate is incorporated in the bacteria and is removed with the wasted activated 
sludge. Organic matter is oxidized during the growth of phosphorus accumulating bacteria or 
other heterotrophic bacteria using oxygen or nitrate as an electron acceptor. 
 
To be able to recover phosphorus from the manure a different strategy has to be implemented 
that differs form the biological phosphorus removal described above. The goal is not to 
incorporate phosphorus into the wasted activated sludge permanently but to utilize the inherent 
phosphorus dynamics of phosphorus accumulating bacteria. Under anaerobic conditions 
phosphorus is released and can be extracted using chemical precipitation. Basic principles to 
recover phosphorus combined with biological phosphorus removal systems include the following 
removal methods (Woods et al., 1999): 
 
• Calcium phosphate (Apatite) precipitation: One existing process for achieving this is the 

DHV Crystalactor®, a fluidized bed reactor. This technology has been implemented as a full-
scale system (sidestream of an enhanced biological nutrient removal plant) at the 
Geestmerambacht, Netherlands, wastewater treatment facility and has been in operation since 
1994. 

• Struvite (Magnesium ammonium phosphate) precipitation: An example of this technology is 
the Phosnix process, an air-agitated column reactor. 

104



• Membrane or ion exchange technologies followed by precipitation: An example of this 
technology is the RIM-NUT process using ion exchange followed by struvite precipitation. 

 
In Figure 2 the combination of a conventional nutrient removal process with a sidestream 
phosphorus recovery process is shown where side stream phosphorus precipitation as struvite is 
achieved using the Crystalactor. van Loosdrecht et al., 1998 showed that the separate settling 
tank can even be avoided through modification of the main stream biological aeration tank. A 
quiescent zone was constructed at the end of the anaerobic reactor by construction of two baffles. 
Phosphorus rich water can be directly withdrawn from this in-line settler for subsequent 
precipitation. Sequencing batch reactors (SBR) are frequently used for wastewater treatment in 
rural areas. Based on the process described in Bortone et al., 1994, the SBR can be modified to 
allow for efficient phosphorus precipitation at the end of the anaerobic phase. A comprehensive 
review of phosphorus recovery methods has been prepared by Brett et al., 1997 and is 
summarized in Table 1. 
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Figure 2.   Process flow diagram for an EBPR process without and with sidestream phosphorus 
recovery: (a) A2/O process, (b) Crystalactor used for phosphorus precipitation (adapted from 
Woods et al., 1999 and Strickland, 1999). 
 
An example of phosphorus recovery from animal waste via struvite precipitation is the treatment 
of veal calf manure performed at the Mestverwerking Gelderland Farmers Cooperative 
(M.G.F.C), Putten, Gelderland, The Netherlands. The veal calf manure influent has an average 
dry matter content of < 10% and a phosphorus content of 600 mg/l. Following biological 
treatment to reduce organic matter and nitrogen and to trap phosphorus in the sludge solids, 
struvite precipitation was carried out on the aqueous effluent which then had a phosphorus 
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content of approximately 200 mg/l. Struvite precipitation was induced by addition of MgO 
followed by continuous mixing in three stirred reaction vessels arranged in series. This procedure 
successfully reduced the phosphorus content of the effluent < 30 mg/l, the upper limit acceptable 
by the water treatment plant to which the final effluent was diverted. The described process was 
successful to extract phosphorus as a basis for reuse also outside of the fertilizer industry. 
However, at the time of the study there was not a market for the produced struvite and the 
recovered struvite was added to the de-watered sludge. The sludge was returned to the farms for 
land spreading following a six-fold reduction in volume. Phosphorus removal from the calf 
manure effluent prior to the struvite precipitation method had been by precipitation with lime. 
However, lime addition increased the sludge volume by 30 %, which increased transport costs 
(Greaves et al., 1999). For the described system struvite precipitation was advantageous even 
though the produced struvite could not be marketed separately. However, there are other 
examples in municipal wastewater treatment where extracted struvite was sold for US$ 150 - 200 
per m3 (CEEP, 1998).  
 

Table 1.   Application of phosphorus crystallization processes (from Brett et al., 1997, Greaves 
et al., 1999). 

Process name Operational 
status 

Crystallization 
process 

Seeding material Recovered 
product 

Crystalactor 
Pelletiser (DHV) 

Fully operational Fluidized bed Sand / anthracite Calcium 
phosphate pellets 

CSIR fluidized 
bed 
crystallization 
column 

Laboratory scale Fluidized bed Quartz sand Hydroxy Apatite 

Kurita fixed bed 
crystallization 
column 

Fully operational Fixed bed Phosphate rock Hydroxy Apatite 

Organic fraction 
municipal waste 
and biological 
nutrient removal 

Laboratory scale Packed bed and 
fluidized bed 

Quartz sand Hydroxy Apatite 
or struvite 

RIM-NUT ion 
exchange process 

Demonstration 
plant 

Precipitation None Apatite 

Unitika Phosnix 
process 

Fully operational Spontaneous 
nucleation in air 
agitated column 

None Apatite 

Sydney Water 
Board reactor 

Pilot scale Agitated upward 
flow reactor 

Magnesia 
particles 

Calcium 
phosphate 
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Anaerobic digestion 
Anaerobic treatment of high strength wastewater from animal feeding operations can be 
advantageous because of the lower energy requirement (generally a net gain of energy) and the 
lower production of waste biological solids. Disadvantages of the anaerobic treatment can be the 
lower growth rate of microorganisms, which can mean a slower startup of the process and slow 
recovery after operational errors. For the anaerobic digestion of organic material different groups 
of organisms have to interact during hydrolysis, fermentation, and methane formation. This 
requires a somewhat more advanced process control compared to aerobic wastewater treatment. 
Another disadvantage is that anaerobic treatment processes alone are generally not suited to 
remove nutrients such as nitrogen or phosphorus from the wastewater. 
 
The most common anaerobic suspended growth process is the complete mixed anaerobic 
digestion process. No mechanism for biomass retention is included in such a system. Thus, the 
hydraulic retention time is equal to the biomass retention time within the reactor. Large reactors 
with long hydraulic retention times are required to retain slow growing anaerobic bacteria within 
the reactor. 
 
One way to reduce the size of the anaerobic reactor is to actively retain solids. Ross et al., 1992, 
combined anaerobic digestion with an ultrafiltration membrane separation that allows passage of 
treated liquid, but retains the solids within the reactor. This process was called ADUF 
(Anaerobic Digestion UltraFiltration). The membrane bioreactor offers three major advantages 
that stem from the fact that the membrane is a perfect separator for solids. First, the membrane 
eliminates the possibility of uncontrolled biomass loss to the effluent and, therefore, a sudden 
washout of slow-growing anaerobic bacteria. Second, effluent quality is improved, since it 
contains not suspended organic matter. Third, the volumetric loading can be increased to very 
high levels, since loss of biomass is impossible. The main disadvantage of the membrane 
bioreactor is added costs: capital costs to install the membrane, energy costs to pump the water to 
and through the membrane, and replacement or cleaning costs to overcome membrane fouling 
(Rittmann and McCarty, 2000). Ross et al., 1992 successfully applied the ADUF process for the 
treatment of maize-processing effluent. 
 
An integrated system for the treatment of swine wastes was developed on the basis of the ADUF 
process, where the anaerobic digestion with ultrafiltration for biomass retention is combined with 
downstream processing using ammonia stripping and reverse osmosis. Such a process, termed 
BIOREK (Bioscan, AS, Denmark), has recently been developed to full-scale for the treatment of 
pig manure in Denmark treating 40 m3/d of liquid manure (1,100 sows, Sandager Skovgaard) 
(Norddahl and Rohold, 1998). The basic schematic of the BIOREK process is shown in Figure 3. 
Swine manure slurry is filtered using a rotating sieve with a 1 mm hole size to remove coarse 
material. Permeate from the filter is collected in a pre-storage tank from where it is fed into the 
anaerobic digestion unit. The hydraulic retention time in the mesophilic digester is six days. The 
solids retention time in the digester is controlled by sludge wasting. The ultrafiltration unit has a 
mean molecular weight cut-off of 40,000 Da, which means that macromolecules and bacteria are 
retained in the digester. More than 80% of the total solids in the permeate is inorganic 
compounds. Permeate from the ultrafilter is led to an ammonia stripper in which more than 95 % 
of the ammonia and carbon dioxide dissolved in the permeate is separated into a liquid as an 
ammonia hydro-carbonate salt with a concentration of 10 - 15%. Removal of ammonia produces 
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a concentrated product that can be used for controlled fertilization and stripping is also required 
to reduce membrane fouling of the reverse osmosis unit. Effluent from the stripper contains the 
remaining salts, mainly potassium and phosphate, is treated using reverse osmosis. Products 
from the reverse osmosis are a phosphate and potassium rich concentrate and clean water that is 
sterile, without particles, and with a low organic and low salt concentration. The reverse osmosis 
process is operated at 32 bar and a temperature ranging from 35 to 40°C. Biogas generated in the 
anaerobic digester has to be treated because of high concentrations of H2S. Desulfurication is 
carried out biologically by adding air to the biogas and using oxygen as an electron acceptor. 
Sulfur is produced that is removed as a sulfur slurry. Generated biogas is then used to generate 
energy and excess heat is used to heat the anaerobic digester. 
 
The described BIOREK converts pig manure to concentrated products that can be stored locally 
and reused as fertilizers. Concentrated nutrients can be transported longer distances and they can 
be used for purposes outside of the fertilizer industry (other chemical industries). Sterile and 
particle free water can be reused within the AFO or for irrigation. 
 
 

Sieve UF RO 

Anaerobic 
digestion 

NH4
strip.Liquid Manure: 

40 m3/d 

Biogas  
to be used in a gas motor: 
900 m3/d 

Biological 
desulfurication

Ammonia concentrate: 
1 m3/d 

Water: 
30 m3/d 

Phosphorus and potassium
rich concentrate: 
8 m3/d 

Fiber compost: 
1 m3/d 

 
Figure 3.   Overall mass balance for the Biorek process. (Sieve: removal of particles > 1mm, 
UF = Ultrafiltration (40 kDa), RO = Reverse Osmosis) 

Process selection 

A whole spectrum of technologies for the treatment of animal residuals is available. We have the 
technology to treat animal manure to whatever degree of purity we want - at a price (Harremoës, 
1998). But how do we select for the appropriate level of treatment? Engineers can help to select a 
process for a specific application by evaluating pros and cons for different treatment 
technologies, by cost-benefit analysis, and maybe by making improvements to existing 
technology. However, process selection should be considered in a much broader context (Figure 
4). Society has to agree on accepted levels of pollution and also then on the willingness to pay to 
reach this level. The establishment of effluent requirements and regulations for design and 
operation of treatment facilities is one way of setting these acceptable levels of pollution. In the 
US the public is becoming more concerned about agriculture related pollution, which is reflected 
in by more stringent requirements currently proposed by the USEPA (Cook, 2000). 
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In agriculture the recourses that can be devoted to environmental protection are quite limited. 
With a low profit margin new treatment technologies cannot be implemented without increasing 
the price of the end product. Farmers are fighting against new and stricter regulations that will be 
implemented in the near future (Cook, 2000). It may be interesting to compare this situation with 
the increased requirements for the treatment of municipal wastewater over the last 30 years. 
Stricter regulations have caused the cost for water to increase by a factor of five (numbers are for 
Denmark). This increase has been the most effective way of making industries save water, switch 
to cleaner production or purify in house before discharge. The attitude of industry has change 
from hostile opposition to investments in pollution abatement during the 70'es, over reluctant 
allocation of funds in the 80'es to making environmental issues a question of public image in the 
90'es (Harremoës, 1998).  
 
New technological developments are occurring that will facilitate the implementation of 
technologies for the treatment of animal residuals. Modular systems are being developed that can 
be produced at an industrial level at lower costs. The combination of reliable sensors with 
improved process understanding has made it possible to improve process performance on the 
basis of on-line sensors and continuous optimization of operation (Harremoës, 1998). 
Decentralized treatment units at the farm level can be operated remotely using online control to 
relieve farms from the burden of having to devote their efforts to learn how to operate new and 
advanced technologies. 
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Figure 4.   Process selection should be determined by agreeing on an acceptable level of 
pollution and a willingness to pay for required standard. 

CONCLUSIONS 

• Current practice of on-site storage and direct land application is not sustainable for large 
animal feed operations. 

• New treatment technologies are required to either treat animal waste so that effluents can be 
discharged to the environment. Nutrients extract that can be safely stored, economically 
transported for a controlled land application, or even reused outside of the fertilizer industry. 

• Treatment technologies such as aerobic wastewater treatment combined with phosphorus 
recovery or anaerobic treatment combined with membrane separation can be used for nutrient 
recovery. 

• Small-scale modular treatment systems are required that can be mass-produced using modern 
industrial methods to provide a reliable, effective and reasonably priced treatment 
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 technology. Remote control and operation technologies have become feasible today that can 
relieve the local farmer from having to operate new and advanced technologies. 
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